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THE FORMATION OF GLUCOSE-1-PHOSPHORIC ACID 
IN EXTRACTS OF MAMMALIAN TISSUES AND 
OF YEAST 


By GERTY T. CORI, SIDNEY P. COLOWICK, ano CARL F. CORI 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis) 


(Received for publication, December 27, 1937) 


The initial stages of fermentation of glycogen to lactic acid in 
muscle have been investigated only recently. It was shown (1, 2) 
that the glycolytic reactions are initiated by the formation of 
glucose-l-phosphorie acid from glycogen and inorganic phosphate, 
an enzymatic process in which adenylic acid acts as coenzyme. 
The glucose-1-phosphoric acid (l-ester) is converted to glucose-6- 
phosphoric acid by another muscle enzyme the activity of which is 
greatly enhanced by magnesium ions. Because of the presence of 
this enzyme and of magnesium the l-ester does not accumulate in 
intact muscle, but it can be made to accumulate in muscle extracts 
from which magnesium ions have been removed by long dialysis. 
The isolation of the l-ester from such extracts and its synthesis 
have been described (3). Embden ester (an equilibrium mixture 
of glucose-, fructose-, and probably also mannose-6-phosphate 
(4)), here referred to as 6-ester, is always present in intact muscle; 
it is formed from glucose-6-phosphate by an enzyme which Loh- 
mann (5) found in extracts of muscle, brain, liver, kidney, and 
yeast. With these three reactions the first stages of glycogen 
fermentation have been completed; then follow the phosphoryla- 
tion of 6-ester to fructosediphosphate and the reactions described 
in the Embden-Meyerhof scheme. 

It is shown in this paper that the formation of 1-ester from 
glycogen and inorganic phosphate occurs in extracts of a variety 
of mammalian tissues and of yeast. The disruptive phosphoryla- 
tion of glycogen, for which a scheme is presented, may therefore 
be regarded as a generally occurring process. 
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The diagram pictures the entrance of inorganic phosphate at 
the maltosidic linkages. The glycogen molecule is thereby dis- 
rupted without the elements of water entering into the reaction. 
The process has therefore been aptly described by Parnas (6) 
as “phosphorolysis’” to distinguish it from ‘‘hydrolysis” of the 
glycogen molecule. Starch behaves like glycogen, while inulin is 
not phosphorylized. 

Neither maltose nor glucose is phosphorylized under conditions 
under which l-ester is formed from glycogen by tissue and yeast 
extracts. It is now known that the phosphorylation of glucose by 
yeast enzymes is linked with a simultaneously occurring oxido 
reduction (7). The disruptive phosphorylation of glycogen can 
occur without simultaneous oxido reduction, a fact which indicates 
that there are two different enzyme systems involved. 


EXPERIMENTAL 


The extracts of the mammalian tissues mentioned were prepared 
in the same way as described for skeletal muscle (3). A macera- 
tion juice was prepared from dried brewers’ yeast according to 
Lebedeff (8) and was dialyzed for 2 hours.! 

The muscle extracts were dialyzed for 18 hours, or longer, in 
collodion sacs against water at 8° and were subsequently stored 
for several weeks in the refrigerator under toluene without losing 
much of their activity (3). The extracts of the other tissues 
could be dialyzed for only 4 to 5 hours, since longer dialysis led to 
a complete loss of activity, and they could be stored for only 1 
or 2 days in the refrigerator without becoming inactivated. 


1 We are indebted to Anheuser-Busch, Inc., for the supply of brewers’ 


yeast. 
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In these dialyzed extracts the breakdown of glycogen did not 
progress beyond the hexosemonophosphate stage. 


TABLE | 
Formation of Glucose-1- and Hexose-6-Phosphate in Extracts of Various 
Tissues of Rabbit 
To 6 cc. of extract were added 3 cc. of M/3 phosphate buffer of pH 7.2, 
30 mg. of glycogen, and in some cases 2 mg. of adenylic acid and 2 mg. of 
magnesium (as Mg(Cl,). The mixture was incubated for 1 hour at 24°. 
Values are given in mg. per 10 cc. of reaction mixture. 


1-Ester 6-Ester 
we 5 | 8 Additions 
| gm | 
Skeletal | 4.0) 1.4 0.3; 0.2) 2.7| 0.4 0.5: 4.1 |None 
muscle 8 2.2 2.2 4.0 0.7 0.7 16.8 Adenylic acid 
Brain 1} 3.1) 2.4: 0.5) 0.4] 0.1) 2.5 None 
6.4| 1.2) 1.2) 0.1 6.5 Adenylic acid 
| 6.8) 1.3) 1.2) 0.4 “4 Mg 
3.0; 7.0) 1.1) 1.2 | | 7.0 
3.7 | 1.0 | 0.7 
| | | 0.2 Mg 
Heart | 1) 1.9) 10.9 2.2; 11.6); “ 
| | 8.3] 1.4) 1.4] 3.610.710.6 11.9) “ Mg 
1.9| 0.4) 0.4] 0.6 | 3.0 None 
10.2 1.8 1.80.5 | | 10.7 Adenylie acid 
| 9.4) 1.6] 1.6) 2.6, 0.4, 0.4, 12.0; 4 Meg 
3} 2.0) 10.0) 1.7) 1.8} 1.2; 0.3, 0.2) 11.2) 
Liver 1 2.0) 5.8 0.6 1.0 | | 5.8 None 
5.7, 0.9, 2.11 0.4.0.4 7.8) “ + Mg 
| 3} 3.1 0.1 | 
Kidney | | 3.5 0.5 | 0.9 0.10.2) 1.4 None 
0.2 0.3 1.6 0.3 0.3 3.4 Adenylie acid 
1.1] 0.1) 0.2) 1.91 0.3,0.3) 3.0; “ 


*Incubated at 37°. Analysis of P content only, from which hexose 
content was calculated. 


Determination of 1- and 6-Ester—After incubating the extracts 
with phosphate, glycogen, and other additions as indicated in 
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Table I, they were deproteinized with 2.5 per cent HgClh: in 0.5 x 
HCl. The 1- and 6-esters were isolated as the water-soluble 
barium salts as previously described (9). This was done as 
rapidly as possible because of the instability of the l-ester in acid 
solution (3). The 1- and 6-esters were determined as hexose and 
from this the theoretical amount of organic P to be expected was 
calculated and was compared with the organic P as actually 
determined. 

The determination of the two esters as hexose is based on the 
fact that the 6-ester reduces alkaline copper solution, while the 
l-ester, which is non-reducing, can be hydrolyzed to glucose and 
inorganic P by short exposure to acid at 100° under conditions 
under which the 6-ester is not hydrolyzed. Consequently, the 
original reducing power of the hexosemonophosphate fraction, 
determined with the Shaffer-Somogyi reagent containing | gm. of 
KI per liter, corresponds to the amount of hexose in the 6-ester,? 
while the increase in reducing power after 7 minutes hydrolysis in 
N H.SO, at 100° corresponds to the amount of glucose in the 
l-ester. In the phosphate analysis, in which the method of Fiske 
and Subbarow (10) is used, the inorganic P formed during 7 
minutes of hydrolysis in N H.SO, at 100° corresponds to the P in 
the l-ester. The total P after ashing minus the ‘‘hydrolyzable” 
P corresponds to the P in the 6-ester. A small amount of barium 
phosphate is carried over into the hexosemonophosphate fraction, 
necessitating a determination of inorganic P before hydrolysis. 


Results 


Since several experiments with muscle extracts have been 
reported (2), only one example is given in Table I, for comparison 
with the activity of the extracts of other tissues. The extracts 
of brain, heart, and liver, though less active than those of muscle, 
showed good phosphorylation, while the kidney extracts were 
only weakly active. Addition of adenylic acid increased phos- 
phorylation in all cases. The hexosemonophosphate formed 
(during incubation at 24°) consisted of a mixture of 1- and 6-esters, 
with the former predominating. Addition of magnesium resulted 
in the formation of 6-ester at the expense of l-ester, but the con- 
version was not so complete as in the case of muscle extracts, 


2 With this reagent the hexose in the 6-ester has two-thirds the reducing 
power of glucose. 
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possibly because the other tissues contain less “conversion en- 
zyme” than muscle. The activity of the conversion enzyme in 
muscle extracts is greatly increased with a rise in temperature. 
This was also the case with brain and liver extracts, so that after 
1 hour of incubation at 37° mainly 6-ester was present, in the case 
of liver even if no magnesium had been added. It should be 
emphasized that the extracts of brain, heart, and liver could be 


TaBLeE II 
Formation of Glucose-1- and Hexose-6-Phosphate in Yeast Extract 
To 6 ec. of extract were added 2 ec. of 1.5 mM phosphate and 32 mg. of 
glycogen. The mixture was incubated for 2 hours at 25°. Values are 
given in mg. per 10 cc. of reaction mixture. 


| 1-Ester 6-Ester 
d 
1 $4.5 10.8 1.5 1.8 3.1 0.7 0.5 13.9 4 mg. adenosinetriphos- 
| phate 
45 99 1.3.1.7 3.0 0.7 0.5 12.9 4 mg. adenosinetriphos- 


oo | | phate + Mg 
2 45 96 1.6 1.7 2.7 0.4 0.5 12.3 4 mg. adenosinetriphos- 


phate 
4.5 1.5 0.3 0.3 1.5* 4 mg. adenosinetriphos- 
| | phate 
4.7, 0.7, 0.8) 8.4) 1.3) 1.5) 13.1 | None 
7.2. 5.9 0.8 1.0 7.4 1.3 1.3 13.3 | 2 mg. adenylic acid 
(4.5) 3.6) 0.6 1.1) 0.2; 0.2; 4.7 | None 
14.5 4.1) 0.5) 0.7) 1.3) 0.4; 0.2) 5.4 | 2 mg. adenyliec acid 
417.2} 6.9) 1.3) 1.2) 10.1) 1.4! 1.7) 17.0 | None 
7.2 60 1.0 1.0 10.7 1.8 1.8 16.7 4 mg. adenosinetriphos- 


| phate 


* Substrate glucose instead of glycogen. 
dialyzed for only short periods, so that a complete removal of the 
nucleotides and of magnesium originally present in these extracts 
was not to be expected.® 

+The dialyzed extracts of brain, heart, and liver contained from 0.2 to 
0.4 mg. of organic P per 100 cc. and they showed a slight phosphorylation 


without addition of adenylic acid. In the case of skeletal muscle it was 
possible to prepare long dialyzed extracts which contained no measurable 
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The experiments with yeast extracts are shown in Table II, 
With glycogen as substrate, 1- and 6-esters were formed,* while 
under the same conditions with glucose as substrate, hardly any 
phosphorylation occurred. The conversion enzyme has_ its 
maximum activity at pH 7.5; when the pH of the phosphate 
added was 4.5 more 1- than 6-ester was present, while the opposite 
was true when the pH was 7.2. The 2 hour period of dialysis was 
insufficient for the removal of nucleotides and of magnesium, so 
that their addition had no effect. 


SUMMARY 


Ll. Dialyzed extracts of rabbit brain, heart, and liver formed 
glucose-l-phosphoric acid from glycogen and inorganic phosphate. 
Kidney extracts showed only weak activity. Addition of adenylic 
acid increased the ester formation in all cases. 

2. Conversion of the glucose-l- to hexose-6-phosphoriec acid 
upon addition of a magnesium salt was less complete in the 
extracts just mentioned than in muscle extracts. 

3. Dialyzed extracts of brewers’ yeast formed glucose-l- and 
hexose-6-phosphoric acid from glycogen and inorganic phosphate 
under conditions under which glucose was not phosphorylized. 
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amounts of organic P and which were unable to phosphorylize without 
addition of a nucleotide, as shown in the following paper. 

‘ Application of the method for the isolation of hexosemonophosphate to 
the unincubated yeast extracts gave a barium salt fraction which showed 
some reducing power and contained from 0.2 to 0.4 mg. of organic P per 10 
ec. of reaction mixture. The values shown in Table II have been corrected 
for reducing power and organic P originally present. 
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THE ACTION OF NUCLEOTIDES IN THE DISRUPTIVE 
PHOSPHORYLATION OF GLYCOGEN 


By GERTY T. CORI, SIDNEY P. COLOWICK, ann CARL F. CORI 
(From the Department of Pharmacology, Washington University School of 


Medicine, St. Louis) 


(Received for publication, December 27, 1937) 


It has been shown previously (1, 2) that addition of adenylic 
acid accelerates very markedly the formation of glucose-1-phos- 
phoric acid (l-ester) from glycogen and inorganic phosphate in 
washed muscle residue and in dialyzed muscle extract. Parnas 
and Mochnacka (3) reported later that not only adenylie acid but 
also its deamination product, inosinie acid, has an accelerating 
effect on the esterification of inorganic phosphate in dialyzed 
muscle extract. This was confirmed and it was shown that ino- 
sinic acid, though less active than adenylic acid, gives the same 
first product of esterification; namely, l-ester. The present experi- 
ments were undertaken in order to investigate more thoroughly 
the rdle of adenylic, inosinic, and adenosinetriphosphoric acid in 
the disruptive phosphorylation of glycogen. 


EXPERIMENTAL 


For the purpose of this investigation it was found necessary to 
use muscle extracts which were inactive without addition of nu- 
cleotides and which were free of pyrophosphatase and deaminase. 
The rabbit muscle extracts were prepared as previously described 
(4); they were kept for 5 hours at 25° and were then dialyzed for 
24 hours in thin collodion sacs with inside stirring against running 
tap water or distilled water at 8°. The extracts were filtered or 
centrifuged to remove insoluble protein and were stored under 
toluene in the refrigerator. Asa rule such extracts did not form 
l-ester unless a nucleotide was added. 

Pyrophosphatase interferes by converting adenosinetriphosphate 
to adenylic acid and deaminase by converting adenylic to inosinic 
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acid. These two enzymes were present in all freshly prepared 
extracts. It was found that they generally disappeared after 
the extracts had stood for 3 weeks in the refrigerator, at which 
time the phosphorylizing enzyme still retained its activity. 
Extract 13 in Fig. 1 was such an extract; it formed no ammonia 
when incubated with adenylic acid, but it still showed a slight 
pyrophosphatase activity. Another method for removing the 
enzymes in question consisted in the treatment of freshly pre- 
pared extracts with charcoal. To 400 cc. of Extract 15 were 
added 30 gm. of activated charcoal (Mallinckrodt Chemical 
Works) and the mixture allowed to stand, with occasional 
shaking, for 30 minutes at room temperature. After filtration in 
the refrigerator the charcoal treatment was repeated. Before 
the charcoal treatment 4.5 mg. of adenylic acid, when incubated 
with 2 ce. of extract for 1 hour at 37°, yielded 0.187 mg. of ammo- 
nia N; ealeulated, for complete deamination, 0.182 mg. After 
the charcoal treatment no ammonia was formed. The extent of 
pyrophosphatase activity after the charcoal treatment is shown 
in the following experiment. Of 0.173 mg. of pyrophosphate P 
(added as magnesium adenosinetriphosphate to 2 ce. of ex- 
tract) 0.167 mg. remained after 1 hour of incubation without 
creatine and 0.165 mg. with creatine added. (Creatine was 
added in order to test the extract for the presence of the enzyme 
which transfers phosphate from adenosinetriphosphate to creatine.) 
Extract 14 in Fig. 1, which was not treated with charcoal, con- 
verted all of the added adenosinetriphosphate to adenylic acid 
during | hour of incubation. 

Care was taken to obtain the nucleotides used in this investiga- 
tion in as pure a condition as possible. Adenylic acid— a com- 
mercial sample (Laokoon Company, Lwow, Poland) and a prepa- 
ration made from rabbit muscle according to Ostern’s method (5)— 
was repeatedly recrystallized from dilute aleohol. P and amino N 
determinations on a sample dried zn vacuo gave values close to the 
theory, the atomic ratio of P to amino N being 1:1.04. Inosiniec 
acid was obtained as the crystalline barium salt from rabbit 
muscle by Ostern’s method (5) and from adenylic acid by deamina- 
tion with nitrous acid according to Lohmann’s method (6). Both 
samples were recrystallized three times from hot water and after 
drying in vacuo they gave values for P and N corresponding to 
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those calculated for the anhydrous barium salt. The atomic ratio 
of P to N was 1:3.95 (theory 1:4). Adenosinetriphosphate was 
isolated as the barium salt from HgCl, filtrates of rabbit muscle; 
it gave a ratio of easily to difficultly hydrolyzable P of exactly 2:1. 
The inorganic P content of the sample, which was originally 2 
per cent, did not change during the course of the experiments, 
showing that no decomposition to adenylic acid had taken place. 
The barium salts of the nucleotides were converted to the potas- 
sium salts before addition to the muscle extracts. 

In the present experiments the decrease in the concentration of 
added inorganic phosphate, determined by the method of Fiske 
and Subbarow (7) in trichloroacetic acid filtrates of the extracts, 
was used as a measure of hexosemonophosphate formation. The 
justification of this procedure is based on comparisons of the 
amount of inorganic P which disappeared with the amount of 
hexosemonophosphate P formed, as illustrated in the following 
example. To 5 ec. of muscle extract were added 1.5 ce. of M/6 
phosphate buffer of pH 7.2, 10 mg. of MgSO,-7H.O, 30 mg. of 
glycogen, and 1.34 mg. of adenylic acid. 0.5 ce. of the mixture 
was withdrawn for the analysis of inorganic P before and after 
incubation (1 hour at 37°), while 5 ce. were used for the isolation 
and analysis of the hexosemonophosphate fraction, as described 
in the preceding paper (8). Per 5 ec. of reaction mixture there 
were present 5.95 mg. of inorganic P before and 3.37 mg. after 
incubation, indicating an esterification of 2.58 mg. The hexose- 
monophosphate fraction contained 2.62 mg. of organic P per 5 ce. 
When the adenylic acid P added was deducted (0.09 mg. per 
5ec.), 2.53 mg. or 98 per cent of the inorganic P which disappeared 
was accounted for as hexosemonophosphate. 

The results shown in Fig. 1 are representative of a larger number 
of experiments.! Curves A-13 and A-15 show that extracts in 
which no esterification occurs when incubated with glyco- 
gen and inorganic phosphate are activated by the addition of 
minute amounts of adenylie acid. m/60,000 adenylic acid, which 
was the lowest concentration tested, had a noticeable effect and 
twice this concentration a marked effect on the esterification of 

1 In a previous report (2) the heading of the first column of Table II 


should read mg. of P per 10 cc. of mixture, P having been omitted through 
an oversight. 
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inorganic phosphate.* It is assumed that the enzyme which 
forms l-ester from glycogen and inorganic phosphate is active 
only when combined with a nucleotide.* Curve A-15 shows that 
the esterification of inorganic phosphate approaches a maximum 
with increasing amounts of adenylic acid added. With m/1000 
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Fic. 1. Effect of nucleotides on esterification of inorganic phosphate in 
muscle extract. Thecurves are marked with the number of the extract used 
and with the type of nucleotide added, A being adenylic, I inosinic, and 
ATP adenosinetriphosphoric acid. Extract 14, in contrast to the other 
two extracts, contained pyrophosphatase. 2.5 ec. of an extract-buffer 
mixture of pH 7.2 contained 1.72 mg. of inorganic P, 0.2 mg. of mag- 
nesium, 8 mg. of glycogen, and varying amounts of nucleotides. The 
samples were incubated for | hour at 37°. The abscissa shows the amounts 
of nucleotide P added (in the case of adenosinetriphosphate this corresponds 
to one-third of its total P) and the ordinate the amounts of inorganic P 
esterified, both per 2.5 cc. of reaction mixture. 


2 The initial concentration of inorganic phosphate in these experiments 
was M/45 or about 3 times that found in intact muscle. 

’ Magnesium is apparently not needed, since esterification of inorganic 
phosphate occurs in electrodialyzed muscle extracts without its addition. 
It was added in these experiments because in its presence the acid-stable 
6-ester accumulates; for analytical reasons this is preferable to an accumu- 
lation of the acid-labile l-ester. 
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adenylic acid, which was the highest concentration used, phos- 
phorylation was only 12 per cent greater than with mM/2000 
adenylic acid. 

The curve for inosinic acid (I-13, Fig. 1) does not show the steep 
rise Which is characteristic for adenylic acid and even with m/400 
inosinie acid (or 2 times the highest concentration shown in Fig. 1) 
there was hardly any further increase in esterification of inorganic 
phosphate. In an experiment with Extract 15, not shown in - 
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Fic. 2. Comparison of the effects of adenylic acid and of adenylic plus 
inosinic acids. An electrodialyzed extract was used. The experimental 
conditions were the same as in Fig. 1. Curve A shows the effect of adenylic 
acid alone, Curve A + I the effect of adenylic acid in the presence of a con- 
stant amount of inosinic acid (M/1500). Since the addition of inosinic acid 
alone caused the esterification of 0.16 mg. of inorganic P, Curve A + I 
intersects the ordinate at this point and not at the origin. 


Fig. 1,m/400 inosinie acid gave about the same esterification as 
M/15,000 adenylic acid. 

It seems from these experiments that both adenylic and inosinic 
acid can act with the phosphorylizing enzyme, and that the 
enzyme has much more activity in combination with the former 
than with the latter nucleotide. In view of this result it was of 
interest to study the combined action of these nucleotides. It 
may be seen in Fig. 2 that adenylic acid produces less esterifi- 
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eation when it is acting in the presence of M/1500 inosinie acid 
(and in another experiment in the presence of M/3000 inosiniec 
acid) than when it is acting alone.4 Presumably part of the 
enzyme, by being in combination with inosinic acid, is not free to 
react with adenylie acid. 

Curves ATP-13 and ATP-15 in Fig. 1 show that m/1000 adeno- 
sinetriphosphate has hardly any effect in extracts practically free 


of pyrophosphatase. Concentrations several times higher than 


those shown in Fig. 1 have also been tested with Extracts 13 and 
15, but no additional esterification of inorganic phosphate was 
observed. Entirely different results are obtained when the 
extracts contain pyrophosphatase which converts the added 
adenosinetriphosphate to adenylic acid; it may be seen in Fig. 1 
that with Extract 14 adenosinetriphosphate displayed an activity 
similar to that of adenylice acid.® 

The experiments indicate that adenosinetriphosphate cannot 
replace adenylic acid and act as coenzyme in the disruptive 
phosphorylation of glycogen with inorganic phosphate. The 
extracts did not form phosphocreatine from added creatine and 
adenosinetriphosphate. The analogous reaction between glycogen 
and adenosinetriphosphate obviously did not occur because the 
adenylic acid thereby formed would have imparted activity to 
the extracts.® 


DISCUSSION 


Of the three nucleotides investigated in the present paper 
adenylic acid displayed the greatest activity. In concentrations 
as low as M/30,000, it enabled completely inactive muscle extracts 
to esterify inorganic phosphate. Inosinic acid in concentrations 
of M/1000 was only weakly active and adenosinetriphosphate was 


4Such a result would not have been obtained if the action of inosinic 
acid depended on some mechanism for its reamination or if it contained 
adenylic acid as an Impurity. 

6‘ The finding of Kendal and Stickland (9) that small concentrations of 
adenosinetriphosphate lead to the formation of glucose-l-phosphorie acid 
is probably due to the presence of pyrophosphatase in their muscle extracts. 

6 Ostern ef al. (10) concluded that adenosinetriphosphate does not react 
with glycogen, while Lehmann and Needham (11) assume that such a 
reaction occurs. 
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practically inactive when added to muscle extracts free of pyro- 
phosphatase. 

In reactions previously described (12) in which adenylic acid 
acted as coenzyme, it has been shown to act as phosphate acceptor 
(for phosphate in organic combination, such as phosphocreatine or 
phosphopyruvie acid), thereby becoming adenosinetriphosphate, 
which then acts as phosphate donor (to hexosemonophosphate or 
creatine); in such reactions adenylic acid can be replaced by 
adenosinetriphosphate. However, in the reaction between gly- 
cogen and inorganic phosphate adenylie acid cannot be replaced 
by adenosinetriphosphate, showing that the transfer of inorganic 
phosphate involves a different mechanism. It should be men- 
tioned, however, that adenosinediphosphate as a possible inter- 
mediate in this reaction has not yet been investigated.’ 

It has been shown previously (14) that the reaction which is 
catalyzed by minute amounts of adenylic acid in muscle extract — 
the synthesis of hexosemonophosphate from glycogen and inor- 
ganic phosphate—can be demonstrated in intact muscle. Adenylice 
acid is formed in muscle from adenosinetriphosphate when the 
latter transfers its mobile phosphate groups to hexosemonophos- 
phate (10), a reaction which is now regarded as an obligatory step 
on the path from glycogen to lactic acid. The monophosphate is 
thereby converted to diphosphate, while part of the adenylic acid, 
by reacting with the phosphorylizing enzyme, will lead to the 
formation of new monophosphate. The fact that the concentra- 
tion of monophosphate increases during short tetanic stimulation 
(15) indicates that it is resynthesized more rapidly than it accepts 
phosphate from adenosinetriphosphate. One may regard hexose- 
6-monophosphate, which is the only intermediate between glyco- 
gen and lactic acid found in unpoisoned muscle, as the immediate 
source of lactic acid and its reaction with adenosinetriphosphate as 
the limiting reaction for the rate of lactic acid formation in intact 


7Since the above was written, adenosinediphosphate (Lohmann (13)) 
has been tested. It was found to give a typical coenzyme curve similar 
to that of Curve A-15 in Fig. 1. However, when incubated with glycogen 
without addition of inorganic phosphate, it did not give off its mobile 
phosphate group to form hexosemonophosphate. It seems therefore that 
the transfer of inorganic phosphate to glycogen does not involve the re- 
action H;PO, + adenylic acid = adenosinediphosphate 
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muscle. It seems significant, therefore, that the same reaction 
which causes the disappearance of monophosphate leads to the 
formation of adenylic acid which activates the synthesis of new 
monophosphate. 

Adenylie acid reacts with phosphocreatine with the formation 
of adenosinetriphosphate and creatine (16). The reversible nature 
of this reaction makes it unlikely that it will go to completion in 
either direction under the conditions which exist in intact muscle. 
Adenylic acid also accepts phosphate groups from phosphopyruvic 
acid once the latter has been formed from hexosediphosphate. 

A further process by which adenylic acid is known to be removed 
is its deamination to inosinic acid. It may be pointed out in 
regard to deaminase, pyrophosphatase, and other muscle enzymes, 
that while they are free to act in an uncontrolled fashion in muscle 
extracts, there undoubtedly exist mechanisms in intact muscle which 
regulate the rate as well as the sequence of their activity. It is 
unknown how rapidly adenylic acid is deaminated in intact muscle. 
Compared to adenylic acid rather high concentrations of inosinie 
acid are needed and even so it does not approach the activity of 
adenylie acid. An increase in the concentration of inosinic acid to 
M/1000 would be accompanied by a decrease in the easily hydro- 
lyzable (‘‘Spyrophosphate’’) P content of muscle of 6.2 mg. per 
cent, the latter being a change which could easily be detected. 
Changes of this magnitude have not been observed during ordinary 
activity of muscle, but they occur during extreme fatigue. 


SUMMARY 


1. The effect of nucleotides on the formation of hexosemono- 
phosphate from glycogen and inorganic phosphate was investi- 
gated. Dialyzed rabbit muscle extracts were used which did not 
esterify inorganic phosphate without addition of nucleotides, 
which were free of deaminase and almost free of pyrophosphatase 
and which were unable to synthesize phosphocreatine. 

2. In such extracts adenylic acid had a noticeable effect on the 
esterification of inorganic phosphate in concentrations of 3 107° 
molar and produced an effect approaching a maximum in 107° 
molar concentrations. Compared to adenylic acid, inosinie acid 
displayed a weak activity even at 10~* molar concentrations, while 
adenosinetriphosphate was practically inactive at 10~* molar or 
higher concentrations. 
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3. When varying amounts of adenylic acid and a constant 
amount of inosinie acid (6 & 1074 molar) were added to an extract, 
to give 0.14 to 2 moles of adenylic acid per mole of inosinie acid, 
less esterification of inorganic phosphate was observed than when 
the same amounts of adenylic acid were added in the absence of 
inosinic acid. 

4. Deaminase and pyrophosphatase were present in all freshly 
prepared extracts. ‘These enzymes usually disappeared after the 
extracts had stood for 3 weeks in the refrigerator, at which time 
the phosphorylizing enzyme was still active, or they could be 
removed from freshly prepared extracts by adsorbing them on 
charcoal. 

5. Adenosinetriphosphate, when added to muscle extracts 
containing pyrophosphatase, was about as active as adenylic acid 
to which it was converted in such extracts. 

6. The role of nucleotides in intact muscle is discussed. 
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ELECTROKINETIC ASPECTS OF SURFACE CHEMISTRY 


V. ELECTRIC MOBILITY AND TITRATION CURVES OF PROTEINS 
AND THEIR RELATIONSHIP TO THE CALCULATION 
OF RADIUS AND MOLECULAR WEIGHT 
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(From the Department of Botany, University of Minnesota, Minneapolis, the 
Mount Sinai Hospital,t New York, and the Biological Laboratory, 
Cold Spring Harbor, New York) 


(Received for publication, December 8, 1937) 


In solutions of proteins, the individual protein molecules! have, 
over a time average, a certain number of hydrogen ions bound, e. 
If certain assumptions are made (1), the titration curve may be 
used to obtain this value of ¢« (or Q in electrostatic units)? by 
thermodynamic methods. A protein molecule, acted upon by an 
applied, homogeneous electric field, attains a mobility v, which is 
proportional to the difference in potential ¢ between the surface 
of the charged particle and an equal and oppositely charged layer 
situated statistically at a certain distance outward in the medium. 
These quantities, ¢ and v, are related by means of the equation of 
Helmholtz and Smoluchowski (2), 


(1) 


for unit field strength (C = a constant, 7 = the coefficient of 
viscosity, and D = dielectric constant). 


* John D. Jones Scholar, Biological Laboratory, Cold Spring Harbor, 
Summer, 1937. 

t Medical Service of Dr. George Baehr. 

1 The word molecule is used to designate a protein particle having a mean 
kinetic energy equal to 3RT/2N. 

2, the charge per molecule, is obtained by multiplying e by 4.77 * 107!° 
electrostatic units, the electronic charge. 
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In addition, the theories of Gouy (3) and of Debye and Hiickel 
(4) yield the expression relating ¢ to Q, the charge per particle, 


= Derl«r + 1) (2) 
where 
K = N, 2," (3) 
V per 
r = radius of the particle, k = Boltzmann's constant, e = elec- 


tronic charge, T = absolute temperature, n; = number of ions of 
the type 7 with valence z summated from 1 to s. Equation 2 
may be strictly applied when ¢e/kT << 1, a condition usually 
met near the isoelectric point in the case of protein solutions. 
The derivation and restrictions of these equations have been dis- 
cussed at length elsewhere ((5) p. 100 ff.). 

Equation 2 makes it possible to estimate the net charge of a 
protein molecule from electrokinetic data. Abramson ((1), (8) 
p. 151 ff.) after comparison of the thermodynamic and conductance 
theories, concluded that ‘in solutions of the same ionic strength, 
the electric mobility of the same protein at different hydrogen ion 
activities should be directly proportional to the number of hydro- 
gen (hydroxyl) ions bound by each molecule” (1). This rule was 
confirmed by the available data on serum albumin, egg albumin, 
and normal and deaminized gelatin, and casein. Furthermore, 
Daniel (6) has shown that the agreement in curve shape exists 
under conditions of varied dielectric constant (in aleohol-water 
mixtures) as demanded by the theory. 

Although direct proportionality eould be demonstrated between 
electric mobility and titration curves, the values of Q calculated 
by the two methods were only in fair agreement. Moyer and 
Abels (7) have recently shown that much better agreement 1s 
secured between values of Q calculated for egg albumin from 
electrokinetic and titration data if Equation 2 is modified by 
changing the constant from 1 to 2. That is, (x7 + 1) is empirically 
replaced by (xr + 2), so that 


Q = Der (xr + 2) (4) 


This transformation was originally obtained (1) by the substi- 
tution of the expression for the diffuse double layer into that for 
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the rigid double layer but is at present without theoretical justifi- 
eation. However, by the use of this equation the electric mobili- 
ties of both egg albumin and R-phycoerythrin at one ionic 
strength were successfully calculated from data at another ionic 
strength (7). In view of the foregoing, it seems desirable to 
employ Equation 4 in further analyses of protein systems. 

It is of considerable importance to have data at a constant ionic 
strength for the comparison of the serum proteins. In an earlier 
paper (8), comparison was made between the electrophoretic 
mobilities of horse serum albumin and pseudoglobulin in the dis- 
solved state (9) and adsorbed on quartz or collodion particles. 
Complete agreement was secured, thus confirming (a) the accuracy 
of the microscopic method of electrophoresis and (b) the conclu- 
sions of Abramson (1) as to the negligible effect of the adsorption 
process on the ionization of certain proteins (see, however, the 
effects of adsorption on egg albumin as discussed by one of us (10)). 

In this communication, close agreement is shown with the simple 
rule between titration curves and electric mobility data for the 
serum proteins over a wide range of pH. The experimental 
validity of Equation 4 is confirmed for these systems. In addi- 
tion, methods are presented for the calculation of equivalent radii 
and molecular weights of proteins from electric mobility and titra- 
tion curves. 

Methods 


The horse serum albumin and pseudoglobulin were the same 
preparations as those used before (7). Measurements were made 
within 2 weeks after preparation. A portion of the globulins 
before separation of the pseudoglobulin and euglobulin by dialysis 
was dialyzed in 1 per cent NaCl until sulfate-free. This will be 
designated as the total globulins. Electrophoretic measurements 
were performed with the same horizontal microelectrophoresis 
instrument as that used in the previous papers of this series (7, 8, 
10, 11) by techniques described in detail elsewhere (12). All 
measurements have been corrected to 25°. The method of pre- 
paring collodion suspensions and buffers has been described before 
(10). The titration curve of pseudoglobulin was determined by 
continuous titration with HCl and NaOH (quinhydrone electrode) 
under nitrogen. Calculations of acid- (base-) binding were made 


as before (7). 
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EXPERIMENTAL 


In Fig. 1 are shown the electric mobility-pH curves of collodion 
particles coated with horse serum albumin, pseudoglobulin (8, 9), 
and the total globulins at an ionic strength of 0.1. Attention is 
ealled to the agreement between the data for dissolved and 
adsorbed pseudoglobulin. ‘Tiselius (9) has also presented data 
for the electric mobility of the dissolved total globulins (not 


+0.5F 


pH 
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Fic. 1. Electric mobility curves of serum albumin (Q), total globulins 
(@), and pseudoglobulin (dissolved, © (9); adsorbed, © (8)) in phosphate 
and acetate buffers at constant ionic strength (0.1). The smooth curves 
have been drawn free-hand to fit the points. 7 


plotted here, but similar in shape to the pseudoglobulin curve). 
It is interesting to notice that our data for this inhomogeneous 
complex do not agree with his curve, presumably because a con- 
stituent of the total globulins, possibly a part of the fraction 
forming euglobulin on dialysis, is being preferentially adsorbed. 
Our curve is isoelectric at pH 5.0. Tiselius’ curve is isoelectric 
at pH 5.2, nearer the isoelectric point of pseudoglobulin. 

To test Abramson’s rule, the serum albumin and pseudoglobulin 
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titration curves were plotted to fit the points of the mobility data 
(Fig. 2). Inasmuch as the molecules of serum albumin and 
pseudoglobulin are of different size, the scales for the two titration 
curves are different. Our pseudoglobulin titration curve was 
fitted to the mobility data by drawing separate smooth mobility 
and titration curves from the experimental results. At intervals 
along the pH scale, corresponding values were read off each and 
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Fic. 2. Eleetric mobility curves of serum albumin (@) and pseudo- 
globulin (dissolved, O; adsorbed, @) in phosphate and acetate buffers 
at wi = 0.1. The smooth curves are the titration curves for these proteins 
drawn to fit the mobility data as described in the text. This shows that 
over a wide range of pH the electric mobility of these proteins is propor- 
tional to their combining power with hydrogen and hydroxy! ions. 


vin w per second per volt per em. was divided by h, the number of 
moles of acid (base) bound per gm. of protein. Except at pH 
values very close to the isoelectric point, where measurements are 
uncertain, the ratio v/h was found to be a constant so that v = 
9000 h. The individual points on the titration curve were multi- 
plied by this constant and plotted as a smooth curve for compari- 
son with the electric mobility data. A titration curve for horse 
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serum albumin (13) was likewise fitted in this way; in this case, 
the constant of proportionality was 3300. At this ionic strength 
(0.1) serum albumin is isoelectric at pH 4.75. 

The excellent agreement between the titration and mobility data 
for serum albumin over the range pH 4 to 8 is a striking confirma- 
tion of the proportionality existing between the two sets of re- 
sults. The agreement is less complete in the case of pseudoglobu- 
lin, particularly above pH 7 where the quinhydrone electrode 
becomes less accurate, but the coincidence is remarkably close. 

If Equation 1 is combined with Equation 2 or 4 there results, 
after division by e, 

Carnrv 


mu (xr + a) (5) 
e 


amay be 1 or 2, depending upon whether the theoretical Equation 
2 or the quasiempirical Equation 4 is used; all quantities are in 
cC.G.S. and E.Ss.U. 

Comparison of this expression with the equation for calculating 
the charge from titration data, 


e= hM (6) 


where M is the molecular weight of the protein, shows that if 
xr be kept constant, # should be directly proportional to v. Ata 
constant value of DT, «* is directly proportional to the ionie 


strength, u; = 3 >» n,z;°, so that Abramson’s rule should obtain. 
l 


In applying these equations to protein systems, Abramson made 
the following assumptions. 


‘“(1) Complete dissociation of the protein salts or a constant fraction 
dissociated at different hydrogen ion activities. (2) The hydrogen ions 
bound act as if they were at or very close to the surface and uniformly 
distributed. (3) » and r do not change with pH. (4) The reaction of the 
protein with ions other than the H*(OH~) ion is negligible. (5) Only 
uni-univalent electrolytes are considered. (6) D and 7 of the medium can 
be used for their unknown values in the double laver, the effect of salts on D 
being unconsidered. (7) The distortion of the ion atmosphere remains 
essentially constant’ ((5) p. 154). 


The satisfactory agreement (7) between values of € calculated 
from Equations 5 and 6 is strong evidence that these assumptions 
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are justified. In the present case, the titration curves are not 
at constant ionic strength, yet proportionality still exists. In- 
spection of big. 1 in the paper of Moyer and Abels (7) shows that 
the titration curves measured in the presence or absence of added 
salt have nearly the same form. A shift in isoelectric point, 
similar to an adsorption of a practically constant amount of salt 
at all pH values, is occasioned by the salt. But when both curves 
are adjusted to the same isoelectric point the salt is seen to have 
produced a slight rotation without much change in shape. This 
was to have been expected from the work of Sorensen, Linder- 
strom-Lang, and Lund (14) who postulated a family of such 
curves rotating about the isoelectrie point. | 

Objection may be raised to the use of the electric mobilities of 
adsorbed serum albumin at wu; = 0.1 in this comparison. This is 
felt to be valid, inasmuch as the electric mobilities of this protein 
adsorbed on quartz and collodion coincide exactly (1, 8) with data 
for dissolved serum albumin at uw; = 0.02 (Fig. 3). 


DISCUSSION 


Calculation of an Equivalent Radius —~Equation 5 offers a means 
of calculating the radius of a protein molecule if we make the 
additional assumptions that e« and r are nearly independent of the 
ionic strengths under consideration and any shift in isoelectric 
point caused by a change in the ionic strength corresponds to the 
loss or gain of a constant charge over a pH range near the iso- 
electric point (where r is presumably independent of pH). Since 
at any given pH a certain number of hydrogen ions are attached 
to the protein molecule over a time average, the charge is mainly 
affected by pH rather than by changes in salt concentration at 
low ionic strengths. ‘This is tantamount to assuming that, in 
addition to decreasing the thickness of the double layer, addition 
of salt involves the adsorption of a certain number of ions whose 
attachment is fairly independent of pH. The shift in isoelectric 
point on the addition of salts has been discussed by Abramson 
(15) and by Smith (16). 

A value for C, the constant of proportionality in Equation 1, 
must be decided upon before Equation 5 can be employed. It 
was found by Hiickel (17) that this constant should be 6 for a 
sphere. This was confirmed by Henry (18) for a small insulating 
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sphere but for large insulating particles the value 4 was deduced. 
For the intermediate size range, Henry has evolved two series 
expansions whose derivation rests upon the assumption of the 
validity of the Debye-Hiickel approximation (I:;quation 2). For 
similar values of xr, C is only slightly different. Abramson (15) 
and Moyer and Abels (7) have formed the proportion (from 
Equation 5) 

Kor + a 

t's Kir + a 7) 
by assuming that cancellation of the constant of proportionality is 
valid for the range of xrinvestigated here. Solving for, we obtain 

a(l — b) 
bx, — Ke 

an expression by which the radius may be calculated if electric 
mobility-pH curves are determined at two ionic strengths (corre- 
sponding to «, and ke). 

In practise, we have found it best to determine the constant } 
for a series of ratios, v)/v2, over a range of pH near the isoelectric 
point. When the isoelectric point is shifted by increasing ionie 
strength, it has been our practise to plot both curves and deter- 
mine graphically the value of the constant k needed to be added 
algebraically to bring both curves to the same isoelectric point. 
This is introduced into the ratio as 0;/(v. + k) = 6. 

Ultracentrifugal measurements of Svedberg and Sjégren (19) 
have shown that the molecules of horse serum albumin have an 
asymmetry number of 1.29; 7.e., they are not spherical. In cases 
in which the protein molecule departs slightly from sphericity, an 
“equivalent radius’? should be obtained. ‘This ought not to agree 
with the radius from density measurements. In Fig. 3 are shown 
the available electric mobility data for serum albumin at two 
ionie strengths. Upon adjustment of the isoelectric points to a 
common value at pH 4.75, b was found to be quite constant. The 
value for the radius as calculated from Equation 8 is presented in 
Table I. Values for the other proteins were computed from data 
of Tiselius (9) for the electric mobility of egg albumin and R-phyco- 
erythrin in sodium and barium acetate buffers. These data 
have been discussed before (7). The phycoerythrin caleulations 
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were based on a smooth curve drawn through Tiselius’ points; 
the smooth curves in Fig. 4 of the paper by Moyer and Abels (7) 
were used for egg albumin. Values for the radii calculated from 
Stokes’ law, Einstein’s diffusion equation and densities (20) are 


[/SEC/VOLT/CM 


1.0 
Fic. 3. Electrie mobility data for serum albumin in 0.02 Mm acetate 
buffers. O. data of Tiselius for dissolved serum albumin; @, data of Abram- 
son for serum albumin adsorbed on quartz particles; ®, data of Moyer for 
this protein adsorbed on collodion particles. The smooth curve with its 
isoelectric point at pH 4.90 was chosen as the best free-hand curve to fit the 
data. For comparison, the smooth curve for this protein at uw; = 0.1 has 
also been drawn (isoelectric point at pH 4.75). The dashed curve depicts 
the shape of the mobility curve at uw; = 0.02 after the isoelectric point is ad- 
justed to pH 4.75. 


presented in Table I for comparison. In a recent paper, Svedberg 


(21) has presented values for the molecular weights and diffusion 
constants, Deo, based on unpublished data, which differ from his 
earlier results. Both sets of data have been used for calculation, 
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the more recent data being presented second. Notice in Table J 
that the empirical value of the constant a (a = 2) gives in each 
ease values for r which agree much more closely with other meth- 
ods. Attention is called to the excellent agreement between our 
value of 3.40 for the equivalent radius of serum albumin and that 
calculated from diffusion. For this aspherical protein, neither 
Stokes’ law nor density values give results in agreement with 
ours. It is possible that effects of orientation, not encountered in 
diffusion or electrophoresis, have caused the divergence. Equa- 


TABLE | 


Comparison of Radi of Protein Molecules Calculated from Electrokinetic 
Data with Values Determined by Other Methods 


tadius, in my, caleulated from 


Protein Fauatio 
Einstein's | Stokes’ 
equation law Density 
a=1 
kigg albumin (a)* 2.23 2.18 2.17 
1.08 
(b) 2.76 2.20 2.32 
R-Phycoerythrin 1.09 3.93 3.94 
2 60 5.20 
(b) 9.35 4.03 4.4] 
Serum albumin?{ 1.70 3.40 3.32 2.44 2.70 


* (a) M = 34,500, Doo = 9.58 X 10-7; (b) M = 42,200, Day = 7.76 X 1077. 
t (a) M 208 O00, = §.22 1 29] Doo = 4. 00 
t M = 67,000, Ds = 6.45 X 10-7. 


tion 8 is highly sensitive to slight changes in 6, so that the agree- 
ment between our values and those based on Svedberg’s data is 
better than might have been expected and more significance, 
therefore, can be attached to the agreement. 

Estimation of Molecular Weights from Electric Mobility and Titra- 
tion Curves--Moyer and Abels (7) found that when a was made 
equal to 2 the charge calculated from the titration curve of egg 
albumin agreed with that calculated from its electric mobility 
curve. Combination of Equations 5 and 6 under these assump- 
tions gave the expression 
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Ornre; 


he 
for unit field strength, with the constant C = 6. Introduction of 
the radius calculated in the preceding section and the correspond- 
ing values for A, 1, and «; permits the calculation of the molecular 
weight from electric mobility and titration data (Table II). Like- 
wise, smooth curves drawn through the electric mobility data of 
Tiselius (9) (at uw; = 0.02) and the titration curve of Moyer and 
Abels (7) for egg albumin at constant ionic strength have been 
used to calculate its molecular weight. The data in Fig. 3 have 


TABLE II 
Comparison of Molecular Weights Calculated from Electrokinetic and from 
Ultracentrifugal Data 


Mol. wt. calculated from 
Protein 


Sountion Ultracentrifuge 


ta 
34, 500* 

kgg albumin... 37,000 
42, 


* Svedberg (20). 
t Svedberg (21). 


been used for the serum albumin calculations.* There seem to be 
no titration data for R-phycoerythrin, so it could not be used. 
The agreement with ultracentrifugal data (Table II) is quite 
satisfactory. It should be emphasized that calculation of molecu- 


>Serum albumin may be used as an example of the method of computa- 
tion, rv = 3.40 X 10-7 em., n = 8.95 X 10-3 poise, e = 4.77 X 10°? E.s.U., 
uw = 0.1. Reducing v to cm. per second, the proportionality between 
vand h becomes v = 0.330 h. This must be divided by 1/300 E.s.v. to 
convert volts to E.s.U. of potential. Inserting these values in Equation 
9, we have 


M = 


6 X 3.14 X 8.95 X 10-3 & 3.40 10-7 X 0.330 
(0.328 X 10° V0.1 X 
3.33 X 10-3 X 4.77 K 10 3.40 X 10-7 + 2) 


M = 6.66 * 104 


M = (qa, r + 2) (4) 
h- 
ur 
at 
h 
in 
1- 
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lar weights by this method needs only a titration curve and two 
mobility curves at different ionic strengths.‘ If values of C from 
Henry’s equations had been used, the molecular weight of serum 
albumin would have been slightly lower. Table I has shown, 
however, that the simple Debye approximation upon which 
Henry’s equations rest does not lead to correct values of r for 
proteins. Until this point is clarified, we have decided to use 
C = 6, which is, in fact, the value found by Hiickel. 

The excellent agreement between the values for the molecular 
weight of serum albumin indicates that the titration curves of 
this protein, at uw; = 0 and uw; = 0.1, must lie very close together 
over the pH range used here. In other words, e here must be 
only slightly affected by ionic strength. Calculations with titra- 
tion data at the same ionic strength as the electrophoresis meas- 
urements would have been preferable but no data were available. 


SUMMARY 


1. Electric mobility curves for collodion particles in solutions of 
horse serum albumin and total globulin are presented for compari- 
son with earlier data on pseudoglobulin at the same ionic strenth. 

2. The electric mobilities of adsorbed and dissolved molecules of 
serum albumin and of pseudoglobulin had been found to be iden- 
tical, within the limits of error (8). However, collodion particles 
with an adsorbed film of protein from the total globulins do not 
give the same electric mobility curve or isoelectric point as the 
dissolved total globulins. This is presumably due to selective 
adsorption of a component from the total globulin complex. 

3. In solutions of the same ionic strength the electric mobilities 
of both serum albumin and pseudoglobulin were found to be 
proportional, over a wide range of pH, to the hydrogen ions bound. 

4. It is shown that radii of protein molecules may be calculated 
from electric mobility data. Application of the equations to data 
for egg albumin, serum albumin, and R-phycoerythrin yielded 
values in close accord with the radii calculated by other methods. 

5. By combining the thermodynamic and conductance methods 
for determining the net charge of proteins, an equation was derived 


‘It should be noticed that these calculations of M and r are all based 
on data limited to the pH-stability ranges (20, 21) of the proteins under 
consideration. 


| = 
| 
t 
| 
> 
i 
‘ 
§ 4 
€ 
had 


L. S. Mover and H. A. Abramson 403 


from which the molecular weight of a protein can be calculated 
from data on its combining power with acids and bases and its 
electrophoresis curves. The molecular weights of egg and serum 
albumin, thus estimated, were found to be in complete agreement 
with ultracentrifugal data. 


& 


BIBLIOGRAPHY 


_ Abramson, H. A., J. Gen. Physiol., 16, 575 (1932). 
_Smoluchowski, M., in Graetz, L., Handbuch der Elektrizitit und des 


Magnetismus, Leipsic, 2, 366 (1921). 


. Gouy, G., J. physiq., 9, 457 (1910). 
. Debye, P., and Hiickel, E., Physik. Z., 24, 185, 206 (1923); 25, 49, 204 


(1924). 


._ Abramson, H. A., Klectrokinetic phenomena, New York (1934). 

. Daniel, J., J. Gen. Physiol., 16, 457 (1933). 

. Moyer, L.S., and Abels, J. C., J. Biol. Chem., 121, 331 (1937). 

. Moyer, L.S., J. Biol. Chem., 122, 641 (1937-38). 

. Tiselius, A., Nova acta reg. soc. sc. U psaliensis, T, No. 4 (1930); Biochem. 


J., 31, 313 (1937). 


. Moyer, L.S., J. Physic. Chem., 42, 71 (1938). 

. Moyer, L.S., J. Physic. Chem., 42, 391 (1938). 

. Moyer, L.S., J. Bact., 31, 531 (1936). 

. Cohn, E. J., Physiol. Rev., 6, 349 (1925). 

. Sgrensen, S. P. L., Linderstrém-Lang, K., and Lund, E., J. Gen. 


Physiol., 8, 543 (1925-28). 


. Abramson, H. A., J. Gen. Physiol., 16, 593 (1933). 

. Smith, E. R. B., J. Biol. Chem., 108, 187 (1935); 113, 473 (1936). 

. Hiiekel, E., Physik. Z., 26, 204 (1924). 

. Henry, D. C., Proc. Roy. Soc. London, Series A, 133, 106 (1931). 

. Svedberg, T., and Sjégren, B., J. Am. Chem. Soc., 62, 2855 (1930). 
. Svedberg, T., Colloid chemistry, New York, 2nd edition (1928). 

. Svedberg, T., Chem. Rev., 20, 81 (1937). 


v0 
m | 
m | 
A 4 
‘h 
| 
ir 9 
if 
4 
12 
13 
| 16 
17 
18 
19 


¥ 4 

¥ 
B 
3 
& 
4 
if 
us 
it 
4a 
3 
4 
5 


THE QUANTITATIVE PRECIPITATION OF CITRIC ACID 


By ADRIAN C. KUYPER 


(From the Biochemical Laboratory, State University of Iowa, lowa City, and 
the Laboratory of Physiological Chemistry, the Ohio State 
University, Columbus) 


(Received for publication, January 7, 1938) 


In an attempt (1) to obtain information on the nature of the 
unidentified constituents of urine from an analysis of its titration 
curve, it was found advantageous to remove citrate by some pre- 
liminary treatment. The precipitation of citrie acid as the eal- 
cium salt from aqueous solution was found to be incomplete. Its 
precipitation from urine, however, was found to be almost com- 
plete. Further experimentation showed that this more complete 
precipitation from urine than from aqueous solution could be 
attributed to the phosphate present in the urine. Citrate, cal- 
cium, and phosphate apparently formed an insoluble complex. 

This behavior was studied in greater detail because it promised 
to furnish a means for the complete removal of citrate from aque- 
ous solution and also because it may be encountered at unexpected 
places in the determination of other organic acids. These studies 
have shown that the concentrations of calcium and of phosphate 
in the solution determine the amount of citric acid precipitated. 
When these salts are present in sufficient amounts and suitable 
proportions, citric acid is quantitatively precipitated. 


EXPERIMENTAL 


Solutions containing varying amounts of calcium chloride, 
potassium acid phosphate, and citric acid were prepared in cen- 
trifuge tubes. Normal sodium hydroxide was added to each tube, 
slowly and with constant stirring, in slight excess of the amount 
required to make the solution blue to litmus. After standing for 
a short time the tubes were centrifuged and the clear supernatant 
liquid was decanted from the white gelatinous precipitate. Each 
precipitate was dissolved in 1.66 N sulfuric acid; the resulting 
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solutions were transferred to volumetric flasks of convenient size 
and brought to volume with the acid. The amount of citrate 
in these solutions was determined from the amount of CQsz liber- 
ated when they were oxidized with KMnQO, in the Van Slyke 
manometric apparatus (2). 

A number of these determinations are recorded in Table J. 
The first two demonstrate the extreme sensitivity of the reaction, 
In the presence of only small amounts of phosphate and caleium, 


TABLE 


Influence of Phosphate and Calcium on Completeness of Citrate Precipitation 


Constituents of precipitating solutions* 


Experiment Citrate 
No. precipitated 
Citrie acid CaCl. KHePOs, 

mg. m.-€q. m.-€q. m.-€q. per cent 
| 0.035 0054 1.10 ().21 RO 
2 0.13 0.0203 8.2 1.38 95 
3 11.8 0.184 10.9 0.00 2 
4 11.8 0.184 10.9 0.69 78 
5 11.8 0.184 10.9 | 1.38 94 
6 11.8 0.184 10.9 2.76 QS 
7 11.8 0.184 10.9 5.49 99 
11.8 0.184 10.9 4.26 99 
9 11.8 0.184 10.9 10.98 19 
10 11.8 0.184 10.9 13.74 
11] 11.8 0.184 21.8 10.98 100 
12 27.4 0.428 27.4 82 101 
13 | 82.2 27.4 8.82 99 
14 109.5 27.4 8.82 97 
15 | 137.0 2.14 27.4 8.82 94 


* In each experiment the indicated amount of citric acid was contained 
in 100 cc. of solution. The addition of calcium chloride, potassium phos- 
phate, and sodium hydroxide increased this volume from 2 to 20 per cent. 
These changes in volume were insufficient to affect the amount of citrate 
precipitated significantly. 


80 per cent of the citric acid in a 0.035 mg. per cent solution was 
precipitated. The use of larger amounts of calcium and _ phos- 
phorus might have been accompanied by more complete precipita- 
tion, but this could not be shown experimentally because of the 
limits of the analytical procedure. Practically complete pre- 
cipitation was obtained from a solution containing 0.13 mg. of 
citric acid per 100 cc. with the amounts of calcium and phosphate 
indicated. 
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The remaining experiments demonstrate more clearly the part 
phosphate plays in this precipitation of citrate. When no phos- 
phate was present, practically no citrate was precipitated. In- 
creased amounts of phosphate resulted in the precipitation of 
increased amounts of citrate, until complete precipitation occurred. 
Beyond this, citrate precipitation again became incomplete. This 
incomplete precipitation occurred whenever (Experiments 9 and 
10) the amount of calcium in the mixture was not sufficient to 
unite with all the phosphate and citrate. Use of more caleium 
(Experiment 11) again produced complete precipitation. In the 
last four experiments, 2.94 mM of phosphate were sufficient to 
precipitate quantitatively about 100 mg. of citric acid. 


DISCUSSION 


It would probably be difheult to obtain significant information 
on the structure of the precipitate formed in these experiments. 
It might be expected to contain some calcium phosphate; the 
variable composition of this compound (3) would complicate the 
interpretation of analyses for the mole ratios of phosphate, cal- 
cium, and citrate in the precipitate. The fact that citrate is 
precipitated only when calcium ion is present in excess of the 
amount necessary to react with phosphate and citrate seems to 
indicate that it forms an insoluble calcium complex which is read- 
ily dissociated. The precipitation of only small amounts of citrate 
under certain conditions in which large amounts of calcium phos- 
phate are precipitated (Experiments 9 and 10) indicates that 
citrate precipitation is not due to adsorption on calcium phosphate. 


SUMMARY 


When a solution of citric acid, containing suitable amounts of 
ealeium and phosphate, is made alkaline, the citric acid is quanti- 
tatively precipitated. Calcium must be present in excess of the 
amount necessary to react with phosphate and citrate. In- 
creasing amounts of phosphate are required to precipitate larger 
amounts of citrate. 
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THE BUFFER ACTION OF UNIDENTIFIED URINE 
CONSTITUENTS 


By ADRIAN C, KUYPER 
(From the Biochemical Laboratory, State University of Iowa, lowa City, and 
the Laboratory of Physiological Chemistry, the Ohio State University, 
Columbus) 


(Received for publication, January 7, 1938) 


In 1922, Van Slyke (1) developed simple methods for determin- 
ing the buffer values of solutions. Equations were derived by 
which these values may be calculated for solutions of known 
composition. When the composition is not known, buffer values 
may be experimentally determined from the slope of the titration 
curve. At any pH, the total buffer value of a solution is the sum 
of the buffer values of the individual constituents of that solution. 

The use of these principles offers an opportunity for obtaining 
information concerning the nature of unknown acidic or basic 
constituents of a solution. Normal urine may contain a number 
of these unknown constituents. According to Van Slyke and 
Palmer (2) the total organic acid present in urine, determined by 
titration after the removal of phosphate and carbonate, is from 
3 to 5 times the amount of creatinine present (expressed as cc. of 
0.1 N solution). On this basis, a normal representative urine 
contains from 10 to 300 cc. more 0.1 N acid than the sum of the 
known constituents titrated in this range.! The true amount 
of organic acid unaccounted for may be somewhat higher than this 
value because of the partial removal of both uric (4) and citric 
(5) acids in the process of removing carbonate and phosphate, 
preliminary to the organic acid titration. 

This estimate of unidentified urinary constituents includes 
only those substances which dissociate below pH 8.0. There is 


‘These calculations are based on the representative urine sample given 
by Bodansky (3), an assumed citric acid excretion of 0.8 gm., and the dis- 
sociation constants used by Van Slyke and Palmer (2). 
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no information available on the total amount of excreted acid or 
base which dissociates above this pH. 

This paper presents a method for determining the pH ranges 
over which these unidentified constituents exert buffer action. 
Urine was first treated to remove citrate, phosphate, and carbon- 
ate, as will be described later. The total buffer action of this 
treated urine sample was then determined at appropriate intervals 
from the slope of an electrometric titration curve of the urine. 
That part of the total buffer action attributable to hydrogen and 
hydroxyl ions was determined from the titration of an aqueous 
solution of hydrochloric acid. That part of the buffer action 
attributable to known acidic and basic constituents was calculated 
from their respective dissociation constants and analytical data. 
The remaining buffer action is attributable to undetermined con- 
stituents. Since nearly all organic compounds which may be 
excreted into the urine dissociate to some extent within the pH 
limits of this titration, this sort of experimental approach may 
prove to be a useful tool in detecting the excretion of some un- 
suspected substances. It may also aid in their identification by 
indicating their dissociation constants. 


EXPERIMENTAL 
Preliminary Treatment of Urine 


To a volume of urine equivalent to a 3 hour sample, 33 ee. of 
50 per cent CaCl.-6H2O solution were added. ‘The solution was 
then made acid to Congo red paper (less than pH 3) with hy- 
drochlorie acid, diluted to a volume of 600 cc., aerated for at 
least 15 minutes to remove carbon dioxide, and allowed to stand 
overnight in the refrigerator. 

On the following day the urine was filtered, and 4 ec. of a 10 
per cent KH»PO, solution were added for each 100 cc. of filtrate. 
The urine was then heated to 50° and, with vigorous mechanical 
stirring, 10 per cent NaOH was added a few cc. at a time from a 
burette until the solution became alkaline to litmus; then an excess 
of 1.5 ee. of the alkali was added for each 100 ee. of original 
sample. The dilution produced by these reagents was brought up 
to 12 ec. per 100 ec. of urine by the addition of water. After 
the solution was allowed to stand for a half hour, it was filtered 


¥ 
» 
. 
4 
if 
are 
aE 
4 
re 
j 
? 
5. 
3 
2 
= 
a 
» 


A. C. Kuyper 411 


and the filtrate made acid to litmus and preserved with toluene 
for analysis and electrometric titration. 

This preliminary procedure was designed to remove those sub- 
stances which interfere in electrometric titration. Phosphate 
was removed as precipitated calcium phosphate. Preliminary 
acidification changed the carbonate in the urine to carbonic acid 
and caused excess uric acid to precipitate. The carbonic acid 
was removed by aeration and the precipitated uric acid by fil- 
tration. Both of these substances would have interfered in elec- 
trometric titration, the uric acid by dissolving during the course 
of titration and the carbonic acid by being liberated as carbon 
dioxide when hydrogen was passed through the solution. Ad- 
ditional phosphate and the large excess of calcium were added to 
the original urine samples because these substances facilitated 
the removal of citrate from solution. Citric acid is precipitated 
with caleium and phosphate when the solution is made alkaline 
(6). The phosphate added in the preliminary urine treatment was 
sufficient to effect the removal of citrate when present up to 4.8 
gm. per day’s sample. This corresponds to the fastest rate at 
which citrate has been reported to be excreted into urine (7). 
A small amount of citrate in excess of the maximum recorded 
would be precipitated by phosphate present in normal urine. 

The complete removal of citrate is to be preferred to inclusion of 
citrate in the general procedure of analysis and calculation of buffer 
action used in the case of the various other urinary constituents. 
If additional calcium were added to remove only the phosphate 
present in the urine, some of the citrate would also be removed, 
leaving a relatively small but variable amount in the urine. The 
methods available for the determination of these small amounts 
of citrate are somewhat involved. Furthermore, the calculation 
of the buffer action of this citrate would be complicated by the 
fact that the titration curve of citric acid is influenced by the 
presence of the varying amount of calcium present in the solu- 
tion (8). The addition of a large excess of calcium for the com- 
plete removal of citrate is of further advantage in that it increases 
the ionic strength of the titrated solution to such an extent that 
variations in the ionic strength attributable to varying amounts 
of phosphate and carbonate in the original urine would be rela- 
tively small. 
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The removal of citrate, phosphate, and carbonate before titra- 
tion is also of advantage because it diminishes the error in the 
determination of the buffer value of unidentified urine constitu- 
ents. This last value is determined as the difference between 
the values calculated for the analytically determined constitu- 
ents and the total buffer action. Errors in determination of 
known substances present in large amount or in the determina- 
tion of total buffer action would be reflected as proportionately 
larger errors in the buffer action of unidentified urine constituents, 
Precision is increased by preliminary removal of as many titrat- 
able substances as possible.’ 


Determination of Buffer Values 


Titrations were performed on 90 ce. samples of previously 
treated urine made acid to Congo red with 10 per cent HCl in 
a 150 ec. flask held in a constant temperature water bath at 30°. 
In the stopper to the flask were inserted an agar bridge, a small 
stirring device, a burette for the addition of carbonate-free alkali 
(0.115 nN), two small hydrogen electrodes of the Hildebrand type 
(prepared as suggested by Britton (10)), and a tube for the escape 
of hydrogen. <A calomel cell, specially designed for partial im- 
mersion in the constant temperature bath, was connected to the 
reaction mixture by means of the agar bridge. In order to facili- 
tate precise addition of alkali, the burette was drawn to a small 
point and extended into the titration mixture. Potential read- 
ings were made to 0.1 millivolt at about 10 millivolt intervals and 
the titrations duplicated. The electrodes were slowly poisoned; 
usually the potential was found to lag about 2 millivolts after 
30 minutes use, when checked against and replaced by a freshly 
platinized electrode. 0.05 mM potassium acid phthalate was used 
as a standardizing solution. 

The ammonia content of the urine samples was found to dimin- 
ish about 3 per cent during the titration period. This was de- 


2 The results of titration of untreated urine samples have been reported 
by other workers (9). The precipitation of calcium phosphate during titra- 
tion, the large corrections made necessary by the presence of carbonate and 
phosphate, and the uncertain reliability of quinhydrone electrode measure- 
ments of urine samples in the pH range in which it was used lead one to 
doubt the significance of the measurements. 
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termined from the amount aerated over by the hydrogen, and 
from analysis of urine samples before and after the titrations. 
This loss was not sufficient to affect significantly the titration 
curve. 

The experimental buffer values were obtained directly from 
the slope of the titration curves, as the amount of 0.115 N alkali 
required to cause a change of 50 millivolts. The buffer values 
for the analyzed constituents were calculated by the use of the 
equation given by Van Slyke (1), modified for the units used in 
reading the buffer value from the titration curve.* The buffer 
action of hydrogen and hydroxy! ions was determined by titration 
of solutions which contained about 8 ec. of 0.1 N HCI, 5 ee. of 25 
per cent CaCl,-6H2O, 5 cc. of 15 per cent NaCl, and sufficient water 
to make the usual titration volume. These later values vary 
directly with the volume of the titrated solution. Corrections 
were therefore applied for the difference in volume between these 
titrations of hydrochloric acid and the titrations of the various 
urine solutions. The buffer value of other constituents is not 
affected by change in volume during titration. The experimen- 
tally determined buffer values of hydrogen and hydroxyl ions 
agreed closely, especially in the acid range, with values calculated 
from the theoretical equation (1). 

The dissociation constants of the more important urine con- 
stituents, creatinine and ammonia, were determined from titra- 
tion curves of these substances made at the same temperature 


According to Van Slyke 


5,8 
dpH (K’ + [H*])? 


8 = buffer value, expressed as equivalents of strong acid or base required 
to change the pH | unit; AK’ = dissociation constant; C = equivalent 
amount of substance. In order to express buffer value in terms of cc. of 
0.115 N NaOH required for a 50 millivolt (0.832 pH) change 


dB 1 


B’ 


In order to facilitate calculations, the values for an equivalent concentra- 
tion given by this equation were plotted on a curve such as given by Hen- 
derson (11) and this used for each constituent substance by multiplying 
the number of equivalents by the values on this curve. 
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and similar salt concentration as were used for urine titrations. 
They agreed closely with published values for slightly different 
temperatures and salt concentration (9, 12). Other dissociation 
constants were taken directly from the literature.‘ 


Methods 


Ammonia was determined by the aeration procedure ((15) p. 
547), except that ammonia was aerated into boric instead of hy- 
drochloric acid.6 Control determinations gave theoretical re- 
covery. Hippuric acid was determined by the method of Griffith 
(17), but when it became evident that by this method the small 
amount present in normal urine was not determined, calculations 
for the buffer action of hippuric acid were based on a daily exere- 
tion of 0.4 gm. Significantly larger amounts would have been 
noticed in the hippuric acid analyses. Determination of creatine 
and creatinine by the Folin colorimetric methods (18) showed 
that about 10 per cent of the total creatinine was present, in 
each case, as creatine. Buffer values, however, were based on 
the total creatinine figures and the dissociation constant of this 
substance. Uric acid determinations were made by the indirect 
method of Christman and Ravwitch (19), modified for use with 
small amounts of material, and the results corrected for incom- 
plete precipitation of uric acid. Only insignificant, normal 
amounts of lactic acid and acetone bodies were found by the 
methods of Friedemann, Cotonio, and Shaffer (20), and Van Slyke 
(21) respectively. Amino acids were determined by the mano- 
metric method of Van Slyke and Kirk ((15) p. 926). Urea was 
not determined experimentally on each sample, but when it be- 
came apparent that this substance would also exert buffer action 
over the extreme acid range, its buffer action was calculated from 
an excretion of 13 gm. per day, the amount excreted by the sub- 
ject on a similar diet. 


4 Calculations were based on the following acid dissociation constants: 
creatinine = 1.61 X 10>5, ammonium hydroxide = 7.03 * 10~!°, uric acid 
(13, 14) = 2.0 10-8, and 6.9 107!°, hippuric acid (12) = 2.0 10%, 
urea ((12), corrected for dissociation of water at 30°) = 1 & 10°. 

’ These determinations were performed before the details of a similar 
procedure were reported by others (16). 
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Results 


The data in Table I show the distribution of buffer action among 
the various constituents of a urine sample, previously treated to 


TABLE I[ 
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Distribution of Buffer Action among Constituents of Normal Urine Sample 
Previously Treated to Remove Phosphate, Citrate, and Carbonate 

Buffer units are given as cc. of 0.115 N NaOH required to cause a change 

of 0.832 pH unit (50 millivolts) in a solution which contained 46.8 mg. of 


creatinine. 

pH | puter | ammona | Uriescid | 
999 |106 | 0.82 «0.03 
2.9% | 3.85 | 0.11 / 0.10 
3.29 2.95 | 0.05 . 0.19 
3.63 | 2.43 | 0.02 0.39 
3.96 | 2.45 | (0.76 
4.20 | 2.44 | 0.03 | 1.24 
4.63 | 2.50 0.05 1.65 
4.9 | 2.26 0.09 | 1.65 
5.29 1.81 0.15 | 1.24 
$63 | 1.25 | 0.18 | 0.76 
5.9 | 0.83 | 0.17 0.39 
6.29 | 0.55 | 0.02 | 0.12 | 0.19 
6.62 | 0.50 | 0.04 0.07 | 0.10 
6.95 | 0.40 | 0.09 0.04 0.03 
7.29 6.22 (0.02 

7.62 0.75 | 0.36 0.02 

7.95 | 1.29 0.69 0.04 

8.29 | 2.22 1.33 0.07 

8.62 | 3.35 2.19 0.12 | 

8.95 | 4.70 | 2.99 0:17. | 

9.29 | 5.00 | 3.08 | 0.18 | 

9.62 4.30 | 2.37 0.15 | 

9.95 | 3.45 | 1.49 | 0.09 | 
10.28 | 3.10 | 0.80 | 0.05 | 
10.45 3.15 | 0.58 0.04 | 


| 


0.03 


.06 
13 
19 
.22 
19 
13 
07 
03 
O1 


remove phosphate, citrate, and carbonate. 
due to unidentified urine constituents is the difference between 
the total, experimentally determined buffer action and the sum 


 Unidenti- 


'Hionsand | con- 


| OH ions | stituents 
T+ 
| 0.88 | 1.64 
| 1.2 
0.10 | 0.94 
0.06 | 0.67 
0.03 0.46 
0.02 0.38 
0.30 
(0.22 
0.29 
| 0.24 
0.31 
0.37 
0.01 {| 0.55 
0.03 | 0.79 
0.06 | 0.98 
O33 
0.20 | 1.54 
| 0.35 | 1.4 
| 0.62 1.25 
1.10 
1.75 0.78 


The buffer action 
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of the buffer values of the individual constituents recorded jn 
Table LI. 

From one-third to one-half of the unidentified buffer action at 
the more alkaline range is attributable to free amino acids (Van 


Slyke manometric determination). A definite maximum occurs | 


at about the mean pH of their dissociation constants. Because | 
no information is available on just what these amino acids may be, | 
their buffer maxima could not be attributed to any definite pH | 
value and the curve corrected for their presence. Other basic | 


compounds measured in the formaldehyde titration and perhaps | 


represented by those groups which react slowly with nitrous 


acid ((15) p. 926) may be largely responsible for the remainder | 
of this buffer action. Phenolic compounds also are responsible | 


for a part of the unidentified buffer action in this region. As | 
suming that all of a normal excretion of 0.5 gm. was excreted as _ 
phenol, they would exert a maximum of about 0.25 unit at about | 


pH 10. 
A part of the undetermined buffer action in the acid range may 


be attributed to the acid group of those amino compounds whose 
basie group is responsible for buffer action at higher pH values. 
The amount of buffer action attributable to these amino acids 
cannot be calculated, however, since neither the number nor the 
dissociation constants of the acid groups are known. Their 
maximum action would lie at about pH 2.5. A very small part 
may also be attributed to the small, normal amounts of laetiec 
acid and acetone bodies which were found to be present. In 


addition, organic acid of unknown composition may account fora _ 


small part of the buffer action. 
Between the pH limits of 5.5 and 7.5 the unidentified constitu 


ents show little, but a constant buffer action. The absence o 


a maximum within these limits indicates that this buffer action i | 


produced by at least two different substances whose dissociation 
constants lie within this range. 
In order to obtain information on what factors control the ex 


cretion of these unidentified urine constituents, samples were 


collected during the ingestion of normal diets and after the pre 
vious administration of sodium bicarbonate, ammonium chloride, 
citric acid, and sodium citrate (Table II). The buffer action o 


these samples attributable to unidentified constituents was de | 
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termined in the same manner as before. In order to make the 
different experiments comparable, buffer values were calculated 
in each case on the basis of a urine sample which contained 45.2 mg. 
of creatinine (Table IIT). 

The variations in the unidentified buffer action after the in- 
gestion of acid and alkali are within the variations obtained with 
normal samples. ‘This indicates that normal urine contains no 
quantitatively important constituents other than ammonium, 
citrate, and carbonate, which are excreted in varying amounts 
with change in urine acidity. 

The experiments in which sodium citrate was ingested were 
performed with the purpose of identifying, from the dissociation 


TABLE I] 


Collection of Experimental Urine Samples 


Free 


Substance administered Time of collection Pe | ian 
m.-eq.* 
(a) Normal sample 10.50 p.m.— 8.00 a.m. 0.187 
7.00 p.m. | 5.48 | 0.125 
a gm. NaHCO, 9.10 a.m.- 5.40 “ 8.52 0.161 
NAAT. . * “ 5.30 0.076 
(f} 12 citric acid + 17 gm. 
sodium citrate 10.30 p.m.- 7.30 a.m. 0 O86 

(g) 12 gm. sodium citrate 9 30 a.m.-12.45 pm. 7.98 


* Calculated for a volume of urine whie cont: 45.2 2 meg. of ¢ 


constant, excess organic acid which is said to be excreted after 
the ingestion of citrate. After administration of 35 gm. of citric 
acid to dogs, Sherman, Mendel, and Smith (5) found an increased 
organic acid excretion of about 280 ec. of 0.1 N acid not due to 
increased citrate excretion. Schuck (22) reported than in man 
the ingestion of 12 gm. of citric acid, taken in several doses, had 
little or no effect on organic acid excretion, but that the ingestion 
of an equivalent amount of sodium citrate caused a large increase 
of about 700 cc. of 0.1 N organic acid, not attributable to increased 
citric acid excretion. So large an amount of organie acid would 
cause a marked change in the curve of buffer action of unidentified 
constituents by which the dissociation constant of the acid could 
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be determined. The experiments shown in Tables IT and III, 
however, show no significant increase in unidentified organic acids 
after the ingestion of sodium citrate or of a mixture of sodium 
citrate and citric acid. 


TABLE [II 


Variations in Buffer Action of Urine Due to Amino Acids and Other 
Unidentified Constituents 


Buffer units are given as cc. of 0.115 N NaOH required to cause a change 
of 0.832 pH unit in a solution which contained 0.404 milli-equivalent (45.2 
mg.) of creatinine. This amount of creatinine would produce a maximum 
buffer effect, measured in the units here used, of 1.66. 


Urine samples collected after previous administration of 


Nor- (b) Nor- (c) Biecar- | (d) Bicar- (e) (f) | (g) 
mal diet maldiet  bonate bonate Citrate | Citrate 
2.% | 2.53 1.55 
2.50 | 2.79 1.96 2.05 2.90 | 
3.00 | 2.49 1 66 1.85 2.82 1.68 | 2.47 | 1.80 
3.50 | 2.40 1.52 1.78 2.75 1.47 $2 
4.00 | 1.90 1.16 1.29 2.50 1.06 | 1.74 | 1.2 
4.50 | 1.08 | 0.70 | 0.84 1.95 | 0.85 | 1.18 | 0&8 
5.00 | 0.77 | 0.50 0.66 | 1.39 0.59 | 0.71 | 0.70 
5.50 0.45 0.32 0.44 0.62 0.50 | 0.54 | 0.47 
6.00 0.36 0.27 ().22 0.22 0.34 0.34 | 0.37 
6.50 | 0.37 | 0.28 0.21 0.22 0.24 | 0.27 | 0.2 
7.00 0.48 0.24 0.30 0.29 0.22 | 0.2 | 0.2% 
7.50 | 0.53 0.33 0.37 0.56 0.44 | 0.42 | 0.89 
8.00 0.94 0.66 0.58 1.10 0.60 0.65 | 0.73 
8.50 1.60 | 0.95 0.93 1.53 | 10 1 
OM 148 | 1. 1.78 1.45 4a 
10.00 | 1.24 | 1.27 0.96 1.30 0.87 | 0.75 | 0.9% 
10.50 | 0.85 | 0.88 | 0.78 0.90 0.69 0.50 0.45 


It is difficult to explain this contradiction. The experiments of 
Schuck indicate that in man excess organic acid is excreted only 
when citric acid is ingested as the sodium salt; however, in one of 
the experiments here recorded, as much sodium was contained in 
the single dose of a mixture of sodium citrate and citric acid as was 
contained in the sum of the smaller doses administered by Schuck. 

In other experiments in which sodium citrate was administered, 
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eedure, before and after treatment to remove citrate, differed 
only by the amount of citrate removed. Apparently the differ- 
ence is not due to removal of organic acid during the precipitation 
with caletum and phosphate. Until the experiment can be 
checked on a larger number of subjects, the differences may be 
attributed to individual variations in tolerance for citrie acid. 


titration values of organic acid by the Van Slyke and Palmer pro- 


SUMMARY 


A method ts described for the measurement of the buffer values 
of unidentified urme constituents. It may be used to detect the 
presence of unidentified urine constituents and will aid in their 
identification by indicating their dissociation constants. 

From pH 5.0 to 8.0 amino acids and other unidentified urine 
constituents exert very little buffer action. Beyond these limits 
the buffer action exerted by these substances increases; amino 
acids are responsible for a large part of this unidentified buffer 
action. 

Ingestion of acid or alkali causes no significant redistribution 
of the unidentified substances responsible for urine buffer action. 

Ingestion of sodium citrate or of a mixture of sodium citrate 
and citric acid does not cause the excretion of significant amounts 
of unidentified organic acid. 
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THE UTILIZATION OF CARNOSINE BY THE DIPHTHERIA 
BACILLUS 


By J. HOWARD MUELLER 


(From the Department of Bacteriology and Immunology, Harvard Medical 
School, Boston) 


(Received for publication, January 12, 1938) 


6-Alanine has recently been shown to be essential to the growth 
of certain yeasts (1) and of the diphtheria bacillus (2). In the 
latter instance it was further shown that /-carnosine was also 
suitable, although relatively more than the calculated amount had 
to be supplied. Since little is known of the functions of these 
compounds in metabolism, it seemed worth while to examine some- 
what more closely the conditions under which they exert their 
growth-promoting effect. In the present study, the effects on 
the growth of a strain of the diphtheria bacillus produced by syn- 
thetic l- and d-carnosine, and by synthetic S-alanine have been 
compared. 

The writer is indebted to Professor Vincent du Vigneaud of the 
School of Medicine, George Washington University for the speci- 
mens of synthetic carnosine. 


Method 


To 10 ec. lots of control medium, adjusted to pH 7.4 to 7.6, 
one or another of the substances to be tested was added in varying 
amounts; the tubes were sterilized in the autoclave, inoculated 
with the test strain, and incubated for approximately 60 hours at 
34° in a slanted position. The bacterial growth was then centri- 
fuged out, washed with dilute acetic acid, and the relative amounts 
of growth estimated by means of nitrogen determinations on the 
washed bacterial sediment. The control medium had the com- 
position given in Table I, the quantities noted being for 10 cc. of 
medium. 

The hydrolyzed carnosines were prepared by autoclaving the 
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TABLE | 


Composition of C‘ontrol Medium pe 4 10 Ce. 


mg. mg. 
Casein-HC] hydrolysate* 100 6 
l-Aspartic acid... .. 25 CaC],-2H,OT 0.5 
d-Glutamic acid hydrochloride. 25 0.050 
l-Cystine | 5 MnC],-4H.OF 0.010 
Nicotinic acid. 0.015 CuSO,-5H.0t 0.002 
Pimelie acid. . 0.001 ce. 
NasHPO,. 20) Lactie acid (as Na salt) 0.1 


* Casein was hydrolyzed by 18 hours refluxing with 6 times its weight of 
concentrated HC]. The excess HC! was distilled off in vacuo; the residue 
was taken up in water to 20 per cent concentration (as of the original casein) 
and stirred with sufficient norit charcoal to remove most of the melanin. 
The light yellow filtrate was made definitely alkaline before use with NaOH, 
and the precipitated calcium phosphate, which contains also iron and _ prob- 
ably other metals, was filtered off. 

t These salts were sterilized separately in very dilute HCl and added 
sterilely to the other constituents after autoclaving, thus avoiding the 
formation of a precipitate. 
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Fic. 1. Effect of 8-alanine and carnosine on the growth of the diphtheria 
bacillus. 
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material with N HCl at a concentration of 0.1 mg. of carnosine per 
ec. at 15 pounds pressure for 20 minutes. 

The curves of Fig. 1 show the results obtained. 

DISCUSSION 

Only the naturally occurring /-carnosine is utilized. It seems 
probable that the diphtheria bacillus is able to hydrolyze this by 
means of a specific enzyme, which does not act on d-carnosine, to 
l-histidine and 8-alanine, and that the latter is utilized as such. 
This is indicated by the fact that less growth is produced by the 
ecarnosine than by the equivalent amount of S-alanine, which 
constitutes about 40 per cent of the carnosine molecule. If the 
organism could use the two substances directly and interchange- 
ably, or if it had first to synthesize the peptide form, maximum 
growth should be produced by approximately 10 to 12 micro- 
grams of carnosine. Actually, about 4 times that amount is re- 
quired. 

It is clear, also, that chemical (acid) hydrolysis of the two 
isomers yields equally active products. The lower maximum 
reached with the acid hydrolysates is probably without signifi- 
cance, for the experiment was not carried out on the same day as 
the others, and slight variations in the control solutions or in 
periods of incubation could well account for the difference. 

These experiments offer no evidence as to the function of - 
alanine in the metabolism of the diphtheria bacillus. The ap- 
parent synergistic effect which it exerts with nicotinic acid (2) 
may be fortuitous, but in view of the growing evidence that 
nicotinic acid is involved in the vitamin By complex, the observa- 
tion may be not entirely without significance. 


CONCLUSION 
The diphtheria bacillus is able to obtain the B-alanine which it 


requires for growth from /-carnosine but not from d-carnosine, 
probably by means of enzymatie cleavage. 
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ESCHSCHOLTZXANTHIN: A NEW XANTHOPHYLL FROM 
THE PETALS OF THE CALIFORNIA POPPY, ESCH- 
SCHOLTZIA CALIFORNICA 


By HAROLD H. STRAIN 


(From the Carnegie Institution of Washington, Division of Plant Biclogy, 
Stanford University, California) 


(Received for publication, August 19, 1937) 


Ksters of a hitherto undescribed xanthophyll, now called 
eschscholtzranthin, are the principal constituents of the pigment 
mixture found in the brilliant, golden yellow petals of the Cali- 
fornia poppy, Lschscholtzia californica (1-3). Free eschscholtz- 
xanthin, obtained by saponification of the esters, has the empirical 
formula The eschscholtzxanthin molecule  con- 
tains twelve double bonds, probably in a single conjugated sys- 
tem, and two hydroxyl groups. 

Various synthetie esters of eschscholtzxanthin exhibit great 
variations in optical rotation; yet the wave-lengths of the absorp- 
tion maxima of the esters and of the eschscholtzxanthin itself are 
identical when measured in the same solvents (Tables I and II). 


' Eschscholtzia californica is a species subject to great variation, plants 
with flowers ranging from red to white having been produced (4). During 
the early stages of their development, the poppy petals contain considerable 
quantities of chlorophyll and little or no eschscholtzxanthin. By the time 
the calyx or calyptra has been burst by the expanding petals, the latter 
contain large quantities of eschscholtzxanthin and other carotenoids but 
no chlorophyll. Light does not seem to be essential for the formation of 
the pigments, because small buds placed in light-tight metal tubes develop 
into highly pigmented flowers. When the petals are killed with anesthetics, 
the pigments are not oxidized rapidly as are the carotenoids in etiolated 
seedlings and in young green leaves. Petals of Eschscholtzia lemmonii, a 
species closely related to Eschscholtzia californica, contain large quantities 
of eschscholtzxanthin as well as zeaxanthin and other xanthophylls. 
Flowers of Papaver heterophyllum, the wind poppy, contain only traces of 
carotenoid pigments. Flowers of Dendromecon rigida contain relatively 
large quantities of neoxanthin, a xanthophyll isolated from green leaves 
(see foot-note 6). 
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This suggests that the ester groups are located near the asym- 
metric carbon atoms but not in conjugation with the double 
bonds. 

Molecular, spectral absorption coefficients of some of the esters 
of eschscholtzxanthin are considerably greater than those of the 
free eschscholtzxanthin (Table III). In this respect, eschscholtz- 
xanthin and its esters differ from the common xanthophylls lutein, 
zeaxanthin, and cryptoxanthin, which exhibit molecular absorp- 
tion coefficients identical with those of their esters (Table IV), 

Exposure of solutions of eschscholtzxanthin to heat alters the 
spectral absorption properties of the pigment. This demon- 
strates that other colored products are formed, and it indicates 
that great care must be exercised during the isolation and purifi- 
cation of the pigment if unaltered preparations are to be obtained. 

Crystals and solutions of eschscholtzxanthin and its esters 
absorb oxygen from the air so much more rapidly than the com- 
mon carotenoids that precise determinations of the physical and 
chemical properties of the former compounds were made with 
difficulty. The rate of oxidation varies in different solvents, and, 
surprisingly enough, it is not increased by the presence of hemin, 
which has been reported by Franke to accelerate the oxidation of 
lycopene (5). Partially oxidized eschscholtzxanthin, which acts 
as an oxidizing agent, loses considerable weight when heated or 
illuminated, but only a trace of this is due to loss of oxygen. 
This observation suggests that partially oxidized carotenoids may 
be the source of the oxygen which has been obtained by irradia- 
tion of killed leaf material and which has been presumed to indi- 
cate the occurrence of photosynthesis. 


EXPERIMENTAL 


Tsolation of Eschscholtzranthin. Method I-—¥Fresh poppy petals 
(8.15 kilos, or about 63,000 petals) were dried at 45-47° for 20 
hours. (Drying in air at higher temperatures results in a very 
rapid loss of pigment.) The dried petals (1.15 kilos) were ground 
to pass a 20 mesh sieve and extracted with petroleum ether. 
This extract was concentrated and the esters present were saponl- 
fied with a solution of potassium hydroxide in methanol. After 
the addition of water to the saponification mixture, the two layers 
which formed were separated, and the xanthophyll was extracted 
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from the petroleum ether layer with methanol (80 per cent). 
(Adsorption of the petroleum ether solution on a column of mag- 
nesia and siliceous earth (6) demonstrated the presence of color- 
less hydrocarbons, of a carotene less strongly adsorbed than 
a-carotene, and of a- and 6-carotene (7).) The xanthophyll con- 
tained in the combined methanol solutions was extracted with. 
ether (three 600 ml. portions) which was concentrated to about 
500 ml. and cooled, whereupon a crop of purple-red crystals 
separated. Weight, 2.2 gm. (Crop I). By reextraction of the 
methanol solution of the xanthophylls and by concentration of 
the mother liquors of Crop I, 1.9 gm. of rather impure eschscholtz- 
xanthin were obtained (Crop II). Crop I was recrystallized from 
ethyl acetate (100 ml.) from which 0.75 gm. of large, glistening, 
purple-red crystals separated (Crop I-a); melting point, 183.5- 
184.5°; per cent of solvent lost at 84° and 1 mm., 4.9. The ethyl 
acetate mother liquors of Crop I-a were used for the recrystalliza- 
tion of Crop II, which yielded 1.25 gm. of glistening crystals 
(Crop Il-a); melting point, 182.5-183.5°. A portion of Crop I-a 
(0.3 gm.) was further purified by recrystallization from acetone 
(40 ml.). These crystals, which were proved to be nearly homo- 
geneous by chromatographic adsorption, were collected on a 
chilled filter, transferred quickly to a glass drying apparatus, and 
dried at 84° and 1 mm. for 1 hour. After the drying apparatus 
had cooled, it was filled with natural gas (methane) and small 
portions of the crystals were transferred to specimen tubes. 
These were loosely stoppered and placed in slightly larger test- 
tubes which were in turn quickly constricted, evacuated, and 
sealed. A fresh sample was used for each of the determinations of 
the physical and chemical properties of the pigment. 


M.p., 185-186°.2. Number of double bonds, 11.5, 11.7.4 Logarithms of 
molecular, spectral absorption coefficients in ethanol, 5.073 at 445 mu, 
9.196 at 470 my, 5.195 at 475 my, 5.029 at 490 muy, 5.085 at 500 my, 5.092 at 


? All melting points were determined in a Berl block of copper (8) and 
are corrected for the exposure of the stem of the thermometer. Open 
melting point tubes were used. 

>The absorption of hydrogen was measured in the apparatus described 
by Smith (9), so modified that the material to be hydrogenated could be 
dropped into the solution by turning a ground glass stopper (10). The 
solvent was acetic acid (2 ml.) and decalin (3 ml.). 
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505 mu. Number of hydroxyl groups, 2.1, 2.2.5 [alges3 = +225° + 12° 
(chloroform). 


CyoHyO2. Found. (* 84.11, 83.85, H 9.75, 9.60 
C‘aleulated. ‘* 84.73, 9.62 


Method II--¥resh poppy petals (3.0 kilos) were placed in 6 
times their weight of boiling water for 10 minutes. The petals 
were then cooled with water, pressed in a hand press, and dehy- 
drated with two 3 liter portions of methanol (99 per cent). (Recoy- 
ery of the methanol from the extracts by distillation left a residue 
from which about 5 gm. of crude rutin were obtained (3).) The 
earotenoid pigments were extracted directly from the dehydrated 
petals with petroleum ether, and the extracts were concentrated 
under reduced pressure. The oily, highly colored residue, which 
contained the eschscholtzxanthin esters, was treated with 
methanol (500 ml., 99 per cent) and cooled to 0° with an ice bath. 
(Repeated attempts to crystallize the esters from a variety of or- 
ganic solvents were unsuccessful.) The methanol was separated 
from the insoluble xanthophyll esters by decantation, and the 
esters were saponified with potassium hydroxide dissolved in 
methanol. The free xanthophylls were then transferred to ether 
which was dehydrated with sodium sulfate in the dark at 5°. 
This ether solution of the xanthophylls was concentrated to about 
35 ml., transferred to a 250 ml. Erlenmeyer flask with a little 
dioxane (20 to 25 ml.), and diluted to about 200 ml. with petro- 
leum ether. Crystals of eschscholtzxanthin which separated 
were collected on a filter, washed with methanol (80 per cent), 
and dried in a vacuum over calcium chloride and potassium 
hydroxide. Yield, 2 to 3 gm. Spectral absorption coefficients, 
Curve III in Fig. 1, indicated that the crystalline xanthophyll 
was contaminated with other substances. This was confirmed by 
chromatographic adsorption of the pigment preparation. A num- 


‘ All the spectral absorption coefficients were determined with the photo- 
electric spectrophotometer described by Smith (11). 

‘Active hydrogen atoms were determined with a modification of the 
Zerewitinoff apparatus described by Flaschentrager (12). Anisole was 
used as solvent. 
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ber of xanthophylls including flavoxanthins,® zeaxanthin, and lu- 
tein were separated from the eschscholtzxanthin in this way. 

The crude eschscholtzxanthin was purified by crystallization 
from a variety of solvents such as acetone, ethyl acetate, and 
1 ,2-dichloroethane. It was also purified by crystallization from 
pyridine and from dioxane by the addition of petroleum ether or 
of methanol and ethanol. These xanthophyll preparations re- 
tained from 1 to 6.9 per cent solvent, which was removed by 
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Fic. 1. Curve I, absorption spectrum of purified eschscholtzxanthin. 
Curve II, absorption spectrum of eschscholtzxanthin after the solution had 
been heated at 70° for 3 hours. Curve III, absorption spectrum of crude 
eschscholtzxanthin isolated by crystallization from petroleum ether 
(Method II). Solvent, 95 per cent ethanol. 


drying the crystals at 84° and 1mm. The eschscholtzxanthin was 
also purified by chromatographic adsorption upon columns com- 
posed of magnesium oxide (Micron Brand No. 2641) (6) and sili- 
ceous earth. 1,2-Dichloroethane was used as solvent. Within 
the limits of experimental error, the properties of each of these 

® Methods for the isolation and separation of the leaf xanthophylls as 


well as descriptions of the properties of these pigments are to be described 
in a forthcoming publication of the Carnegie Institution of Washington. 
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various preparations of eschscholtzxanthin were identical with 
those of the pigment prepared as described under Method I. 
The molecular spectral absorption curve of a purified preparation 
of eschscholtzxanthin is shown as Curve I[, Fig. 1. 

Wave-Length of Absorption Maxima of Eschscholtzzanthin— 
The wave-lengths of the absorption maxima of eschscholtzxanthin 
(+1 muy) in solution in various organic solvents are recorded in 
Table I. 

Color Reactions of Eschscholtzranthin— Addition of a chloroform 
solution of eschscholtzxanthin to concentrated sulfuric acid 


TABLE [ 


Wave-Lengths of Absorption Maxima of Eschscholtzzanthin in Solution in 
Various Organic Solvents 


Solvent Wave-lengths of absorption maxima 

446 472 503 
Isopropanol 146 473 503 
Ethyl ether. _.. 446 473 503 
Isopropyl! ether 446 472 5U1 
n-Heptane _ 446 472 502 
(‘yclohexane 149 476 5O5 
Benzene........ | 458 485 516 
Dioxane. 453 480) 510 
Tetrahydronaphthalene | 461 489 520 
1,2-Dichloroethylene.. 455 482 512 
Carbon tetrachloride. 456 484 514 
.....5..... 456 484 513 
Pyridine _.. 163 489 521 


(‘arbon disulfide _... 7 475 502 536 


yields a relatively stable blue color. With nitrie acid, a deep 
blue-green color which fades rapidly is formed. A concentrated 
solution of eschscholtzxanthin in ether and formic acid yields a 
comparatively stable green color. Solutions of eschscholtzxan- 
thin in ether do not react with concentrated hydrochloric acid 
to form colored products. 

Solutions of eschscholtzxanthin in 1,2-dichloroethane and 
in chloroform react with trichloroacetic acid and with antimony 
trichloride, forming purple-green solutions which do not exhibit 
well defined absorption maxima. A solution of eschscholtz- 
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xanthin in dichloroethane reacts with concentrated sulfuric acid, 
forming a deep blue color, most of which remains in the dichloro- 
ethane. 

Zine and acetic acid in pyridine and aluminum amalgam in 
ether reduce eschscholtzxanthin to colorless products. Attempts 
to isolate known pigments from partially hydrogenated esch- 
scholtzxanthin by means of chromatographic adsorption methods 
were not successful. 

Chromatographic Adsorption of Eschscholtzranthin— Eschscholtz- 
xanthin, which resembles the common dihydroxyxanthophylls 
with respect to partition between immiscible solvents, is more 
strongly adsorbed than zeaxanthin and less strongly adsorbed 
than chlorophyll A or capsanthin on columns composed of magne- 
sium carbonate, calcium carbonate, or sucrose when either benzene 
or carbon disulfide is used as solvent. The color of the ad- 
sorbed pigment varies from light pink or salmon to red-purple, 
depending upon the concentration of the adsorbed pigment and 
upon the solvents and adsorbents. 

Action of Heat on Solutions of Eschscholtzranthin in Ethanol 
Eschscholtzxanthin (1.353 mg.) was dissolved in ethanol (100 ml.). 
A3 ml. portion of this solution was diluted to 50 ml. with ethanol, 
and the spectral absorption cocfhicients were determined (Curve I, 
Fig. 1). Another 3 ml. portion of the original solution was placed 
ina 50 ml. flask and heated at 70° for 2 hours. After the solution 
had been cooled and diluted to 50 ml., its absorption coefficients 
were determined (Curve II, Fig. 1). The relatively smaller ab- 
sorption at longer wave-lengths by the eschscholtzxanthin, which 
had been heated, demonstrates that a large proportion of the pig- 
ment had been altered. <A similar alteration has been observed 
when solutions of the carotenes and common xanthophylls are 
heated.® 

Absorption Spectrum of Eschscholtzranthin in Carbon Disulfide- 
The molecular, spectral absorption coefficients of eschscholtzxan- 
thin in solution in carbon disulfide (containing 0.5 per cent ethanol 
in order to prevent adsorption of the pigment on the walls of 
the glass vessels) are recorded in Table III. These coefficients, 
which are considerably different from the spectral absorption 
coefficients of lycopene (Table III) indicate that eschscholtz- 
xanthin is not a dihydroxylycopene (13). 

Absorption of Oxygen by Eschscholtzranthin—Crystals of esch- 
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scholtzxanthin exposed to air absorb oxygen at a nearly constant 
rate until their weight has increased almost 20 per cent in 20 
hours. Absorption of oxygen then decreases until, after 160 
hours, the crystals have gained about 28 per cent in weight. 
When crystals which had been exposed to air for 44 hours and 
which had gained 26.5 per cent in weight were heated at 84° 
and 1 mm., the weight of the crystals decreased about 5 per cent. 
Upon reexposure to air the heated crystals did not continued to 
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Fic. 2. Increase in weight of eschscholtzxanthin, in solution in various 
solvents, exposed to oxygen. Solvents, Curve I 1,4-dioxane, Curve II 
diacetone alcohol, Curve III diacetone alcohol containing 1 per cent 
dimethylaniline, Curve IV diacetone alcohol containing 10 per cent di- 
methylaniline. 


increase in weight as rapidly as before. This indicates that de- 
composition had taken place during the heating. 

For the investigation of the absorption of oxygen by solutions of 
eschscholtzxanthin, the hydrogenation apparatus described by 
Smith (9) was modified so that it could be filled with oxygen from 
a cylinder and so that a sample of the substance to be oxidized 
could be added to the solvent by turning a ground glass stopper 
(10). Absorption of oxygen was followed volumetrically, and the 
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apparent increase in weight of the material undergoing oxidation 
was calculated. 

Absorption of oxygen by eschscholtzxanthin (9.08 mg.) in solu- 
tion in dioxane (5 ml.) is represented by Curve I in Fig. 2. The 
absorption of oxygen by 6.47 + 0.05 mg. portions of eschscholtz- 
xanthin in solution in 10 ml. portions of mixtures of solvents is 
represented by Curves II, III, and IV in Fig. 2. 


TABLE II 
Properties of Esters of Eschscholtzranthin 
| Carbon Hydrogen 
20 | 
Ester M. p. | Formula = 
| degrees | | t | | 
Diacetate* Decom- +1382 80.00 80.93 8.75 9.11 
position | 79.82 8.90 
200-240 | | | | 
Dipalmitatet 100-110  81.91/82.85 11.16 11.02 
Dibenzoatet 133 —142 | 83 .23'83.67, 8.26 8.07 
| | 83.19 8.14 
Di-p-nitroben- > 260 —234 | | | | 
zoates | 
Dioleate Non-crys- 


talline 
* Recrystallized from 
t Recrystallized from acetone. 
t Reerystallized from acetone and ethanol. 
§ Reerystallized from chloroform and acetone. 


carbon disulfide. 


In solution in pure dimethylaniline, eschscholtzxanthin is not 
oxidized at a measurable rate. If large quantities of eschscholtz- 
xanthin are added to the dimethylaniline, the crystals which 
remain in suspension continue to absorb oxygen slowly. 

Hemin does not increase the rate of oxidation of eschscholtzxan- 
thin in solution in dimethylaniline. Eschscholtzxanthin (1.195 
mg.) in dimethylaniline (10 ml.) containing hemin (0.14 mg.) in 
pyridine (0.04 ml.) absorbed only 0.02 ml. of oxygen when shaken 
with this gas for 80 hours. In another experiment, eschscholtz- 
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xanthin (8.714 mg.) in suspension in dimethylaniline (5 ml.) con- 
taining hemin (1.960 mg.) and pyridine (0.2 ml.) absorbed 1.05 ml. 
of oxygen during constant shaking for 40 hours. ‘This was about 
the same quantity of oxygen absorbed by an equal weight of 


III 
Molecular, Spectral Absorption Coefficients of Eschscholtzxanthin, of Esters 
of Eschscholtzzanthin, and of Lycopene; Solvent, Carbon Disulfide 


Eschscholtz- 


xanthin diacetate  dipalmitate dibenzoate (11)) 
mM jb log E log E log E log E log E log E 
430 4.528 4.539 4.545 4.526 4.54 4.441 
435 4 602 4.502 
440 4 660 4.679 4.669 4 671 4.692 4.574 
445 4.702 4.632 
450 4.736 $.749 4.748 4.756 4.765 4.668 
455 4.776 4.796 4.699 
460 4 836 4.855 4. 834 4 854 4.870 4.748 
465 4.906 4.925 4.937 4.331 
470 1.958 4.960 4.981 4.986 4.902 
475 4.972 4.996 4.973 5.003 5.010 4.946 
480 4.973 $969 5.011 4.950 
485 4.98] 4.973 5.012 4.938 
490 5.008 986 4.946 
495 5.059 5.060 5.085 5.000 
5UO 5.095 5.073 
505 5.100 9.128 5. 106 5 . 137 5.142 5.123 
510 5.063 5.121 
515 5.002 5.026 5.059 5.083 
520 4.954 4.972 4.949 4.990 5.002 5.020 
525 4.936 - 4.954 4.942 4.964 4.961 
530 4.958 4.985 4.941 
535 4.992 5.023 5.001 5.022 5.022 4.987 
540 4.989 5.030 5 000 5.035 5.034 5.058 
4.929 4.957 4.988 5.091 
550 4.799 4.851 S10 4.883 5.044 
4.609 $. 702 4.681 


eschscholtzxanthin in suspension in pure dimethylaniline. Hemin 
and hemin with pyridine did not absorb oxygen when dissolved in 
dimethylaniline. These results differ markedly from the obser- 
vation of Franke (5); namely, that the less reactive carotenoid 
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lycopene (5 mg.) dissolved in dimethylaniline (2 ml.) containing 
hemin (0.1 mg.) and pyridine (0.04 ml.) absorbed about 6 ml. 
of oxygen in 3 hours. 

Evolution of Oxygen by Partially Oxidized Eschscholtzxanthin 
Treatment of partially oxidized eschscholtzxanthin with a solu- 
tion of leucoindigo carmine in an atmosphere of carbon dioxide 
free from oxygen results in a rapid oxidation of the reduced dye 
to the colored or oxidized form. A suspension of partially oxi- 
dized eschscholtzxanthin treated with a solution of 3-amino- 
phthalylhydrazide and hemin in dilute sodium carbonate solution 


TABLE IV 


Logarithms of Molecular, Spectral Absorption Coefficients of Xanthophylls 
and Their Esters in Solution in Carbon Disulfide 


Lutein Zeaxanthin Cry pto- 
m ph log E log E log E log EB log E log E log E 
430 4.675 4.674 4.662 4.619 4.630 4.612 
440 | 4.819 4 S820 4.809 4.737 4.749 4.730 4.733 
450) S66 4.85 4.850 4 839 4.849 4.836 4.831 
460 1.916 4.900 4.890 4.884 4.888 4.886 4 8381 
470 5.029 5.032 5.019 4.960 4.974 4.960 4.953 
480 5.012 5.021 5.002 5.021 5.031 5.033 5.031 
490) 4.925 t.919 4.897 4. 4.085 5.015 5.010 
500 4.979 $.979 4.960 4.950 4.947 4.968 4.959 
510 4.978 4.968 4.970 4.982 4.986 4.976 
520 4.756 +. 764 4.720 4.918 4.922 4.962 4.942 
530) 4.339 4.719 4686 4.792 4.760 
4.333 4.391 


gives rise to a distinct luminescence. This indicates the presence 
of peroxides (14). When partially oxidized eschscholtzxanthin, 
ina modified Faraday tube containing leucoindigo carmine as a 
reagent for oxygen, is illuminated with a photoflood light, only 
traces of oxygen are evolved. 

Esters of Eschscholtzranthin—-The esters were prepared with acid 
chlorides in the presence of pyridine and crystallized by the ad- 
dition of methanol or of acetone and methanol to the reaction 
mixture. Properties of the recrystallized esters are summarized 
in Table II. None of the esters contained free hydroxyl groups 
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(Zerewitinoff). The wave-lengths of the absorption maxima of 
each of the esters were the same as those of free eschscholtz- 
xanthin (+1 my) when determined in the same solvents (Table J), 
The molecular, spectral absorption coefficients are reported in 
Table III. 

Molecular, Spectral Absorption Coefficients of Xanthophylls and 
Their Esters—The spectral absorption coefficients of lutein, 
zeaxanthin, and cryptoxanthin were compared with those of 
their esters given in Table IV. Carbon disulfide was employed 
as solvent. ‘These results demonstrate that the spectral absorp- 
tion coefficients of the common xanthophylls are nearly identical 
with those of their esters. Conversely, these observations pro- 
vide an accurate confirmation of the molecular weights of the 
xanthophylls. They also indicate that the formation of colored 
esters or derivatives, the absorption coefficients of which can be 
accurately determined, may be made the basis of methods for 
the determination of the molecular weights of acids, alcohols, 
amines, ete. 


It is a pleasure to acknowledge the advice and helpful sugges- 
tions of Dr. H. A. Spoehr and Dr. James H. C. Smith. 


SUMMARY 


Eschscholtzxanthin, a new xanthophyll having the empirical 
formula CyoHs4,202, has been isolated in relatively large quanti- 
ties from the petals of the California poppy. This xanthophyll, 
which is oxidized extremely rapidly and which is altered by the 
action of heat upon its solutions, contains twelve conjugated 
double bonds and two hydroxy! groups. The optical properties of 
eschscholtzxanthin and its esters have been compared with the 
optical properties of the common xanthophylls and their esters. 
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SURFACE DENATURATION OF EGG ALBUMIN 
By HSIEN WU anp CHENG-FAH WANG 


(From the Department of Biochemistry, Peiping Union Medical College, 
Peiping, China) 


(Reeeived for publication, October 19, 1937) 


In a study on the conditions governing the coagulation of pro- 
tein by shaking, Wu and Ling (1) found that the rate of coagula- 
tion of egg albumin by shaking was maximum at its isoelectric 
point, and that at a constant pH the rate of coagulation was 
proportional to the number of shakes but independent of the 
concentration of albumin. ‘They found further that coagulation 
by shaking, unlike coagulation by heat, was not divisible into two 
stages, denaturation and flocculation. 

In a recent paper Bull and Neurath (2), apparently not aware 
of the work of Wu and Ling, reported a study of surface denatura- 
tion of egg albumin. ‘They have confirmed in general the findings 
of Wu and Ling, but in two points their conclusions were different. 

First, Bull and Neurath found that the higher the protein 
concentration the lower is the rate of denaturation, if the velocity 
constant was calculated on the basis of monomolecular reaction. 
While this finding was not incorrect, they have missed the real 
point. In Table I of their paper it will be noted that for the first 
solution the amount of albumin coagulated in 45 hours was 0.39 
gm., and for the second solution the amount coagulated in 4 hours 
was 0.34 gm. or by interpolation 0.38 gm. in 43 hours. The rates 
of coagulation were, therefore, the same for these two solutions, 
although the concentration of albumin in the first solution was 
nearly twice as high as that in the second. 

We have repeated the experiments of Wu and Ling on the kinet- 
ies of coagulation by shaking, using 125 ml. and 50 ml. bottles. 
The albumin left in the solution after shaking was determined 
by a micro-Kjeldah! method and titration instead of the colori- 
metric method of Wuand Ling. We have confirmed their finding 
that the rate of coagulation is proportional to the number of 
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shakes and, within wide limits, independent of the concentration 
of albumin. The curves shown in Fig. 1 are unquestionably 
linear. 

Second, Bull and Neurath state that, “The process of surface 
coagulation seems to consist of at least two reactions,’ compar- 
able with the denaturation and flocculation in heat coagulation, 
In other words, a protein may be denatured by shaking but 
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Fig. 1. Kineties of coagulation of egg albumin by shaking. Curve 1, 
10 ml. of 2.051 per cent egg albumin solution + 5 ml. of acetate buffer 
solution, pH 4.8, + 5 ml. of H,O; capacity of bottle, 125 ml.; temperature, 
28°. Curve 2, 10 ml. of 0.959 per cent egg albumin solution + 5 ml. of 


acetate buffer solution, pH 4.8, + 3 ml. of H,O; capacity of bottle, 50 ml.; 
temperature, 27°. Curve 3, 10 ml. of 1.060 per cent egg albumin solution 
+ 5 ml. of acetate buffer solution, pH 4.8, + 3 ml. of H,O; capacity of 


bottle, 50 ml.; temperature, 12°. 


remains in solution, if the solution is acid or alkaline. When 
the solution is neutralized, the denatured protein will precipitate 
out. The conclusion of Bull and Neurath was based on the 
finding that when an albumin solution was shaken at a pH other 
than the isoelectric point the amount of precipitate obtained was 
greater if the solution was brought to pH 4.8 before filtration than 


when it was not so adjusted. 
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Wu and Ling showed that albumin solutions which were suffi- 
ciently acid or alkaline to remain clear after shaking gave no 
precipitate or turbidity when the pH was brought to 4.8. In 
fact, when a solution was shaken at a pH not sufficiently acid or 
alkaline to cause denaturation on standing, the coagulated protein 
filtered off, and the filtrate brought to pH 4.8, not a trace of 
turbidity was obtained. This finding is a conclusive proof that 
coagulation by shaking is not separable into two stages. 

It occurred to us that the results of Bull and Neurath may be 
explained by adsorption. Proteins are most easily adsorbed at 
the isoelectric point. If some natural albumin is carried down by 
the coagulated albumin, the amount carried down must be greater 
if the solution is brought to pH 4.8 before filtration. An experi- 
ment designed to test this point showed that such an adsorption 
did occur, but the amount of adsorption was not enough to account 
for such large differences between the neutralized and the un- 
neutralized solutions as Fig. 2 in Bull and Neurath’s paper 
indicates. 

Wu and Ling conducted their experiment at room temperature 
(25°), while Bull and Neurath carried out their experiments at 
2°. Wu and Ling have shown that the temperature coefficient 
of surface coagulation for 10° is 1.09. The rate of coagulation 
should, therefore, be somewhat slower at 2° than at 25°, but the 
difference in temperature should not alter the nature of the 
coagulation process. 

The technique of shaking which Bull and Neurath used was the 
same as that of Wu and Ling. The form of shaking apparatus, 
the number of oscillations per minute, and the length of the stroke 
were all about the same. But there was one important difference. 
Wu and Ling used 125 ml. narrow mouth bottles, while Bull and 
Neurath used 70 ml. wide mouth bottles. Wu and Ling have 
shown that for a given volume of solution the rate of coagulation 
depends to a large extent on the size of the bottle. Below 250 
ml., the smaller the bottle the slower the rate of coagulation. In 
the experiment of Wu and Ling all the egg albumin in 10 ml. of a 
1 per cent solution was completely coagulated in about 30 minutes. 
In the experiments of Bull and Neurath the time required to 
remove all the coagulable albumin from 25 ml. of a 1.10 per cent 
solution was about 12 hours. 
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Wu and Ling have shown that crystalline egg albumin is com- 
pletely coagulable by shaking, while conalbumin is not coagulable. 
For this reason they used highly purified egg albumin which was 
practically all coagulable by shaking. Bull and Neurath used 
two kinds of albumin preparations, one of which was only 72.6 to 
78.2 per cent, while the other was only 89.3 to 91.8 per cent 
surface-coagulable. The first preparation contained 14.2 to 20.0 
per cent non-heat-coagulable protein; the second contained 4.3 
per cent non-heat-coagulable protein. The albumin preparations 
which Bull and Neurath used were, therefore, quite impure. 

The long period of shaking in Bull and Neurath’s experiment 
exposed the albumin to denaturation by acid and alkali and even 
to bacterial action. This, together with the fact that their 
albumin preparations were impure, probably explaims the differ- 
ence between their findings and those of Wu and Ling. 


SUMMARY 


The finding of Bull and Neurath that surface coagulation of egg 
albumin consists of two stages is incorrect. Within the limits 
studied, the rate of coagulation is independent of the concentra- 
tion of albumin and does not decrease with concentration as Bull 
and Neurath have stated. With these two exceptions, the work 
of Bull and Neurath confirmed the findings of Wu and Ling. 


BIBLIOGRAPHY 


1. Wu, H., and Ling, S. M., Chinese J. Physiol., 1, 407 (1927). 
2. Bull, H. B., and Neurath, H., J. Biol. Chem., 118, 163 (1937). 


e 
i] 
b 
ge 
h’ 
th 
ta 
pr 
ce 
i 
su 
te) 
alt 
CO 
ad 
liv 
pri 
the 
3 her 
pur 


THE CARBOHYDRATE METABOLISM OF BRAIN 
VI. ISOLATION OF GLYCOGEN* 


By STANLEY E. KERR 


(From the Department of Biological Chemistry, American University 
of Beirut, Beirut, Lebanon) 


(Received for publication, November 24, 1937) 


Although the presence of glycogen in brain was accepted by 
Pfliiger (1905), more recent work has done little to strengthen the 
evidence submitted as early as 1887 by Cramer, and a number of 
publications even raise doubt concerning the existence of glycogen 
in brain or its identity with liver glycogen. 

Pavy (1881), credited by Pfliger as the first to find glycogen in 
brain, apphed to brain a procedure used for isolating liver glyco- 
gen, and obtained an alcohol-insoluble material which on acid 
hydrolysis yielded a reducing substance. Since a number of com- 
pounds other than glycogen (e.g., cerebrosides) behave similarly, 
this evidence is unsatisfactory. Cramer (1887), however, ob- 
tained a substance which undoubtedly contained glycogen. His 
product prepared according to the Briicke-Kilz quantitative pro- 
cedure (see Pfliiger) was opalescent in aqueous solution, reacted 
like liver glycogen with iodine solution, and yielded a reducing 
substance after treatment with saliva.! Takahashi (1925) at- 
tempted to isolate glycogen from brain, but the yield of sugar 
after hydrolysis indicated that less than a fourth of his material 
could have been glycogen, and the color which developed on 
addition of iodine was not identical with that obtained with 
liver glycogen. Holmes and Holmes (1926) applied the Pfliiger 
procedure to brain after extracting cerebrosides, and obtained in 
the hydrolysate of the aleohol-insoluble material an osazone iden- 

* Aided by a grant from the Rockefeller Foundation. 

‘Quoted from Pfliiger (1905). Since the original article is not available 


here, we are unable to state what evidence Cramer submitted as to the 
purity of his compound. 
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tical in appearance with that of glucosazone.? Tanaka (1929) 
concluded, on the basis of histological studies, that glycogen was 
present in brain, Judging both from its microchemical and biologi- 
cal properties. Sato (1930,b) distinguished two types of glycogen 
by staming methods, and claimed that besides the true glycogen 
there is also present in the central nervous system a modification 
which gives no iodine reaction, but otherwise behaves like 
glycogen. 

The validity of evidence based on histological studies must, 
however, be questioned. Naka (1930) attempted to standardize 
his histological method for quantitative purposes by comparison 
with a chemical procedure. On examining the brains of 72 human 
cadavers by this method he found the largest amounts of glycogen 
in two brains removed 26 hours after death (Naka, 1930), 
whereas we have shown that glycogen disappears almost com- 
pletely from brain within 2 hours after death (Kerr and Ghantus, 
1937). We must therefore conclude that by his method Naka 
actually determined something other than glycogen. Conse- 
quently Best’s carmine method (which Naka used) appears to 
stain maternal other than glycogen, and is unreliable as a means of 
distinguishing between traces and the normal content of glycogen 
in nerve tissue. Sato (1930,a) states that the color reagent of 
Best and the iodine reaction of Langhans are not specific for glyco- 
gen. Nielsen, Okkels, and Stochholm-Borresen (1932) state that 
these staining procedures cannot be relied upon when the concen- 
tration of glycogen in the tissue is less than 0.3 per cent. In 
mammalhan brain the concentration is less than 0.15 per cent 
(Kerr, 1936). De Haan (1922) earlier reviewed the uncertainties 
connected with the staining reactions for glycogen. 

Gerard (1982) states: “Brain glycogen however appears to 
have been thoroughly identified with the liver substance, yet it is 
also inactive.” Of the nine papers referred to in support of this 
conclusion, in five (those of the Japanese workers) conclusions 
were based on histological evidence (Naka, 1930; Sato, 1930,a,); 
Tanaka, 1929). In two of the other investigations (Holmes, 
1929; Jungmann and Kimmelstiel, 1929), it was concluded that 

2 Holmes (1929) also prepared an osazone in the same way from material 


secured from the ganglia of crab nerve and found its crystalline form and 
melting point identical with that of glucosazone. 
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the material measured by the Pfluger procedure was glycogen be- 
cause autolysis resulted in a decrease of this substance and a corre- 
sponding increase of lactic acid. Reference has already been made 
to the studies in which direct attempts were made to isolate either 
the glycogen or the osazone of the hydrolysate (Holmes and 
Holmes, 1926; Holmes, 1929; Takahashi, 1925). 

The apparent inactivity of the so called glycogen of brain, 
referred to by Gerard, under conditions which cause a marked 
decrease of glycogen in liver, leads one to question the identity of 
the material from the two sources. There appeared to be suffi- 
cient uncertainty, therefore, concerning the existence of glycogen 
in brain to make desirable an attempt to isolate the substance.’ 


EXPERIMENTAL 


In our first attempts to prepare glycogen from brain the prod- 
ucts obtained were grossly contaminated with lipoidal material. 
Efforts to remove this completely by means of boiling alcohol, 
chloroform, and ether were unsuccessful, but pure products were 
finally obtained by combining the use of these solvents with the 
principles used by Somogyi (1934) for the purification of glycogen. 
Five preparations have been made, each of them free from nitro- 
gen and phosphorus. Various procedures were followed, but the 
essential steps are included in the deseription which follows, of 
one of the experiments. 


Method 


About 500 gm. of brain are required for the preparation of 150 
mg. of pure glycogen. ‘The brains of twelve dogs are excised under 
amytal anesthesia and rapidly crushed‘? with a potato masher in 
a nickel-plated vessel containing 60 per cent KOH solution (1 ce. 
of KOH per gm. of brain). The mash is transferred to a large 
flask, 2 volumes of ethyl alcohol are added, and the tissue brought 


* The studies on brain glycogen recently published from this laboratory 
(Kerr, 1936; Kerr and Ghantus, 1936, 1937; Kerr, Hampel, and Ghantus, 
1937; Kerr and Antaki, 1937) were undertaken only after we had isolated 
the substance. This publication was delayed until further purification of 
the product had been accomplished. 

‘The interval between excision from the living animal and fixation in the 
alkali should not exceed 10 seconds, since glycogenolysis proceeds rapidly 
(Kerr and Ghantus, 1937). 
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into solution by heating on a water bath for half an hour. After 
standing overnight, the supernatant fluid is removed by siphon- 
ing and centrifuging. The residue is next extracted four times’ 
with a boiling mixture of methyl alcohol (80 parts) and chloro- 
form (20 parts) to remove the major portion of cerebrosides. The 
dried residue is heated in the water bath for 3 hours in 30 per cent 
KOH to decompose certain nitrogenous material which otherwise 
clings to the glycogen. After the insoluble material is centri- 
fuged off, the glycogen is precipitated by 0.5 volume of alcohol, 
centrifuged, and washed with 95 per cent alcohol. The crude 
glycogen is dissolved in 10 ce. of water and most of the remaining 
impurities are separated by acidifying with HCl to the turning 
point of Congo red and then adding slowly 0.5 volume of alcohol 
and centrifuging. Glycogen is precipitated from the supernatant 
liquid by increasing the alcohol concentration to 45 per cent. 

If at this point the final steps of purification are carried out as 
recommended by Somogyi (1934) (7.e., two more precipitations in 
acid aleohol, followed by washing),’ the product after desiccation 
may be partly insoluble, and will contain as much as 0.1 per cent 
of nitrogen. Hence the glycogen should again be precipitated by 
0.5 volume of aleohol from 4 N alkaline solution, washed with 
alcohol, and reprecipitated in acid solution with 0.8 volume of 
aleohol. After two more reprecipitations in acid alcohol as de- 
scribed by Somogyi (1934), the glycogen is washed with alcohol 
and ether and dried in vacuo over P2Os at 70°.8 


6 In other experiments the separation of lipids was made more complete 
by as many as ten extractions with the methyl aleohol-chloroform mixture, 
followed by chloroform alone, and ether, but the yield of glycogen was 
low. The final traces of lipids are more easily removed in the subsequent 
precipitations by acid alcohol. 

6 The digestion with KOH may be introduced at the very beginning, 
after crushing the brain in alkali, but more silica is introduced owing to the 
necessity of using a larger flask. 

7™The alcohol and ether from this point on should be redistilled, as 
recommended by Somogyi (1934). 

§ The water content of the air-dried preparation is greater than the 10 
per cent required for the monohydrate. Values from 11.1 to 14.3 per cent 
were obtained on drying to constant weight over P.O, in vacuo at 70°. 
Drying over CaC], at atmospheric pressure resulted in preparations con- 
taining 8.1 to 8.7 per cent of water. On evacuation the water content fell 
to 6.9 per cent, but the half-hydrate which Slater (1924) states is formed 
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The best yield obtained when the brains were excised and 
crushed as described above was 36 mg. of anhydrous glycogen per 
100 gm. of brain. In another experiment the brains were frozen 
in situ with liquid air (kerr, 1935) and the powdered tissue thrown 
into KOH solution. In this case the yield was 43 mg. of glycogen 
per 100 gm. of brain. Quantitative studies show that dog brain 
frozen in situ contains from 77 to 130 mg. of glycogen per 100 gm. 
(Kerr, 1936). The losses in the isolation procedure are due chiefly 
to the low concentration of aleohol used in the various precipita- 
tions for the sake of separating other contaminating substances, 
and partly to adsorption during the first precipitation of impurities 
by 33 per cent alcohol in acid solution, 


Analysis®’—The material was dried in a high vacuum at 100°. 
5.622 mg. gave 9.075 mg. COs, 3.000 mg. H,O, 0.010 mg. ash 
Caleulated. C 44.42, H 6.22 
Found.?° ‘44.10, 5.98 


Phosphorus and nitrogen were not detected. Other preparations 
have been made free from ash. 

The specific rotation of a solution 1 per cent in concentration 
was [a]? = + 195.6°, with a probable error of 0.7°. 

For the sake of comparison, three specimens of glycogen pre- 
pared from dog liver by Somogyi’s method (1934), each in 1 per 
cent solution, were studied under the same conditions. The 
results were +196.1°, +194.3°, and +195.2°. Gatin-Gruzewska 
(1904) observed a specific rotation of +196.57° as the average for 
four specimens of carefully purified glycogen prepared from dog 
liver and horse muscle, and free from nitrogen and ash. 

Properties The product is indistinguishable from liver glyco- 


under these conditions was not obtained, even with liver glycogen. A 
possible explanation for the high water content may be found in the ob- 
servation of Sahyun and Alsberg (1930) that ether tends to dehydrate the 
surface of the glycogen particles but leaves the interior wet, thus making 
subsequent drying incomplete. We were unable to confirm the statement 
of Barbour (1929-30) that the monohydrate may be obtained by drying 
glycogen in an open dish over boiling water. Under these conditions loss 
of water occurs within a few minutes and continues for hours. After 9 
hours the product contained 3.6 per cent of water. 

* Performed by Dr. I. A. Schoeller, Berlin. 

” Corrected for ash content by assuming the sample to be 5.612 mg. 
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gen prepared by Somogyi's method (1934). It dissolves readily 
in water to form a transparent solution, which 1s opalescent in 
reflected light. This when treated with iodine solution gives a 
Burgundy red color identical with that obtained with a solution 
of liver glycogen. The red color disappears if the solution is 


heated, and returns when cooled. 

The identity of the compound with liver glycogen is partially 
shown by the method of preparation and purification. ‘The com- | 
pound is not destroyed by heating with strong alkah. It is 
precipitated by 0.5 volume of alcohol from alkaline but not from 
acid solutions. Alcohol does not precipitate the compound from 
pure aqueous solutions unless electrolytes are present. : 

Hydrolysis of the compound in solution by means of N HCl ina ] 
boiling water bath for 2 hours yielded a completely fermentable | J 
reducing sugar equivalent to 107.2 mg. of glucose per 100 mg. of I 
the original anhydrous material, as measured by the Shaffer- 


Somogyi procedure (1933). Under the same conditions liver 

glycogen gave 106.6 mg. per cent. Ixerly (1930) found that 94 

per cent of the theoretical yield (111.1 mg.) can be obtained on N 
N 


acid hydrolysis, and therefore recommended the use of the factor 
0.957 in place of the customary 0.927 (Nerking, 1901) to convert | p 


sugar found to anhydrous glycogen. According to our results ——— p 
with liver glycogen the factor would be 0.938. The specific rota- |g 


tion of the sugar in the hydrolysate*was that of glucose within | 
the limits of error of the determination." 

From the neutralized hydrolysate an osazone was obtained | gr 
identical in crystalline form with phenylglucosazone. ‘The osa-_ | 91, 
zone (once recrystallized) melted simultaneously with glucosazone | — §9 
between 204.5-206.5° (uncorrected). When mixed with an equal | Ta 
part of glucosazone, the melting point was 201- 203°, | 


SUMMARY 


A polysaccharide free from nitrogen, phosphorus, and ash, 
prepared from dog brain, was found to be indistinguishable from 
liver glycogen in respect to elementary composition, specific 


11 For this determination a solution of only 0.5 per cent concentration 
was available. The value obtained was [fa], = +51.3°, with a probable | 


error of 1.1°. 


; 
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rotation, quantity of glucose produced on acid hydrolysis, pre- 
cipitation from solution by alcohol, reaction with iodine, ete. 
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THE MECHANISM OF CYTOCHROME ACTION* 
By THOMAS B. COOLIDGE 


(From the Departments of Biological Chemistry, College of Physicians and 
Surgeons, Columbia University, New York, and Duke University 
School of Medicine, Durham, North Carolina) 


(Received for publication, January 14, 1938) 


The experiments described here are a continuation of work 
described in an earlier paper (1) in which the reduction potentials 
at which cytochrome C preparations changed from the oxidized 
to the reduced form were studied and an estimate of the EF’ 
values at several pH values were made.' The cytochrome prepa- 
rations there described were found to be associated with a colorless 
phosphorus-containing component, the relation of which to the 
biological activity of the pigment is discussed in the present paper. 

A colorless solution was prepared by treating with 8 per cent 
trichloroacetic acid the solution of eytochrome C prepared from 
Fleischmann’s yeast by the second method of Ixeilin (3). On 
removal of the acid with ether, neutralization of the remaining 
solution, precipitation with barium,” lead, or copper salts, and 
regeneration, there is obtained a white water-soluble solid, giving 
no Molisch reaction. The yield is 20 mg. per kilo of pressed 


* The data in this paper include material from a thesis submitted by the 
author in partial fulfilment of the requirements for the degree of Doctor of 
Philosophy in the Faculty of Pure Science of Columbia University. 

1 The disagreement of these findings with those published by Green (2) 
is probably largely due to the effect of associated substances, not including 
iron, on the Ey potentials of the basic hemin compound. The final deter- 
mination of these values must await the attainment of cytochrome C 
preparations demonstrably free of associated substances. Physiologically, 
the important E’y values are those of the compound (probably in complex 
combination, as shown here) as it exists in the cell. Some evidence was 
presented in the previous paper that the #’» values determined there were 
those of the pigment as it exists in the cell. 

* The statement in the previous paper (1) that the compound is not pre- 
cipitated by barium salts is an error; in the experiments there reported 
precipitation was attempted at too low a level of pH. 
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yeast. Analysis of one such preparation after precipitation with 
barium chloride, regeneration, and two subsequent precipitations 
with lead acetate showed C 12.6, H 1.8, N 4.18, P 6.54, Pb 50.6. 
As, however, no consistent trends in the composition after repeated 
precipitations were observed, investigation of this product was 
abandoned. 

Cytochrome C preparations prepared in the course of the 
above experiments were tested by addition, to the system used 
by Harrison (4), of the following: indophenol oxidase (washed 
minced sheep heart), glucose dehydrogenase (from liver by the 
second method of Harrison (5)), cozymase (from yeast, always 
accompanied by large amounts of flavin), glucose. 

The oxygen uptake was measured in the Warburg apparatus 
at 37°. Catalytic activity was considered present if the oxygen 
uptake of the system indophenol oxidase-cytochrome C-glucose 
dehydrogenase-coenzyme-glucose exceeded that of the same sys- 
tem without cytochrome by 50 per cent. 

It was found that cytochrome C preparations, including several 
from American (I leischmann’s) and two from Delft bakers’ yeast, 
prepared according to Keilin’s second method were inactive. 
These findings, which are contrary to those of Harrison (4), are 
thought to be due to differences in the amount and kind of kiesel- 
guhr used and their effect on the removal of an inhibiting factor. 
In one experiment 70 per cent of the phosphorus present was 
separated from the pigment by adsorption of the latter on kiesel- 
guhr, washing with water, and elution with dilute alkali and 
sodium hydrosulfite. 

It was found that by dissolving such inactive cytochrome 
preparations in the minimum amount of sodium _ hydroxide, 
adsorbing on permutit, washing with water, eluting with 5 per cent 
ammonia, and removing the latter by evaporation in vacuo they 
became catalytically active.? At the same time about halfof the 


3On the pigment solution eluted from permutit and evaporated free of 
ammonia were determined the nitrogen, phosphorus, iron (by photometric 
estimation of the a,a’-dipyridyl complex), and absorption spectrum in the 
visible region. Dry weights were not determined, as silica was present. 
Analyses of two such samples are given, the figures representing atomic 
ratios of nitrogen and phosphorus to iron. The k values (maximum peak 
values at the wave-lengths given) were calculated by the equation k = 
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phosphorus originally present was separated from the pigment 
and appeared in the water used to wash the permutit prior to 
elution. 

That the fraction removed by the permutit treatment exerts 
an inhibitory action’ on the dehydrogenase-coenzyme substrate 
reaction in the presence of methylene blue is shown in Table I. 

The separation of cytochrome C by Keilin’s method from 
American (I leischmann’s) yeast is made difficult by the fact 
that, after plasmolysis, boiling in water, and cooling, it settles 
and filters much more slowly than Delft yeast, and must be kept 
cold during filtration or pigment is lost. Active preparations can 
conveniently be prepared from Fleischmann’s bakers’ yeast by 
liquefying it with glucose, passing in steam until the mixture 
foams, and filtering as it cools to room temperature on Buchner 
funnels. ‘The resulting solution is passed through a column of 
permutit which is washed successively with water, 2 per cent 
acetic acid, and again with water. Elution with 5 per cent 
ammonia and removal of the latter by evaporation in vacuo gives 
a clear solution of eytochrome C which is active. Dialysis in 
viscose tubes may be used for further purification. 

Cytochrome prepared by both methods gave identical results. 
The oxygen uptakes of the complete system were much lower than 
in those described by Harrison (4), though the eytochrome used 


(1/ed) In (J,//), where c = gm. atoms of Fe, d = tube length in em., 7» and 
/ = intensities of incident and transmitted light respectively. 


N P k | 
174 28.2 0.405 at 5373 A. 
202 16.2 0.317 5467“ 


The absorption spectrum of the reduced pigment from 5000 to 5700 A., 
both before and after the permutit treatment, parallels exactly that ob- 
tained by Dixon, Hill, and Keilin (6), except that the spectrum is shifted 
50 to 150 A. toward the violet. The absorption coefficient, k, referred to 
iron concentration, varied from one-half to two-thirds of the values ob- 
tained by Dixon, Hill, and Keilir. (6). This fact probably denotes con- 
tamination of the preparations with iron, but this is not believed to affect 
the catalytic properties of the preparations because of the well known 
ability of cell components to bind inorganic iron and render it catalytically 
inactive. 

‘It is conceivable that the failure of Ogston and Green (7) to confirm the 
findings of Harrison was due to the presence of such an inhibitory substance. 
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in each experiment usually represented more yeast. Controls 
showed that glucose was the chief substance being oxidized. It 
was found that cytochrome © in the absence of indophenol oxidase 
caused no appreciable oxygen uptake (Table II). It was, how- 
ever, observed that two preparations of cytochrome which became 
precipitated in a finely divided state during the course of the 
experiment, apparently being adsorbed on unremoved silica, dis- 
played catalytic activity in the absence of indophenol oxidase 
and not in its presence. 

In considering the mechanism of cytochrome C action in living 
cells it is to be remembered that in the yeast cell the cytochrome 
appears to be attached to the solid substance of the cell, being 
removed only by fairly strong alkalinity or by reducing agents. 
Also, whenever in artificial systems neutral cytochrome C solutions 
are shaken with heart muscle suspension, the cytochrome is always 
rapidly adsorbed on the solid muscle substance. 

The possible existence of a labile complex between cytochrome 
C and one or more phosphorus compounds indicated above sug- 
gested that cozymase might be bound in a similar fashion. This 
was now shown to be the case. 

The neutral cytochrome solutions were shaken with the minced 
sheep heart (indophenol oxidase) and then centrifuged, when the 
pigment was thrown down, adsorbed on the muscle particles. 
Suspensions of these proved to be active without addition of 
further indophenol oxidase or cytochrome.’ When such a sus- 
pension was stirred with a neutral solution of cozymase (from 
yeast) and centrifuged, the cozymase remained adsorbed and 
active, as shown by the activity of the suspension in the presence 
of glucose dehydrogenase and glucose without further addition 
of cozymase. When, however, the minced muscle was stirred 
and centrifuged, first with cozymase solution and then with the 
eytochrome C solution, the resulting particles were not cata- 
lytically active without further addition of cozymase. 

The activity obtained in these experiments was not due to 
coenzyme contained in the fluid occluded by the precipitate after 


6 This procedure sometimes caused cytochrome solutions prepared by 
Keilin’s method to show activity, although they were inactive when tested 
in the ordinary way. This is undoubtedly due to preferential adsorption of 
the cytochrome, the inhibitory material remaining in the supernatant fluid. 
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centrifugation. A volume of the supernatant fluid equal to the 
volume of the precipitate (and hence greater than that of the 
occluded fluid) was added to an indophenol-oxidase-cytochrome 
precipitate centrifuged from distilled water, and the activity 
compared with that of the parallel precipitate from a coenzyme 
solution but without the added supernatant fluid. The results 
are recorded in Table IIL. 

The results described above, demonstrating that insoluble 
particles of washed heart muscle (the indophenol oxidase prepara- 
tion) adsorb cytochrome and cozymase, forming a catalytically 
active product, seem to throw light on the relationships between 
the respiratory ferment and cytochrome C and the relation be- 
tween the water-soluble enzymes and those which are part of the 
insoluble cell substance or are bound to it. They suggest the 
probability of the formation of an indophenol oxidase-cyto- 
chrome C-cozymase “complex,” or an adsorption of eytochrome 
and cozymase on the surface of the solid particles (of indophenol 
oxidase) as part of the mechanism of activation. The fact that 
the indophenol oxidase preparation must be treated with the 
cytochrome solution before, rather than after, treatment with 
cozymase, suggests (but does not prove) that the cozymase may be 
bound to the adsorbed eytochrome rather than to the oxidase. 

The oxygen uptakes in these experiments are small compared 
with those found in other comparable systems such as equally 
concentrated mixtures of succinic dehydrogenase and its substrate, 
and it is not believed that glucose dehydrogenase is normally 
responsible for a large part of the oxygen uptake of either yeast 
or muscle. What is believed may be important is the mechanism 
demonstrated here. Attempts are now being made to show its 
action in other systems. 


EXPERIMENTAL 


Indophenol oxidase was prepared from sheep heart by the 
method of Keilin (3) and suspended in 0.25 m phosphate buffer, 
pH 7.4. All preparations used brought about a marked darkening 
of p-yhenylenediamine in neutral solution on shaking a minute 
or two with air. 

The glucose dehydrogenase was prepared as a dry powder, free 
of coenzyme, from acetone liver by the method of Harrison (5). 
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The strength of the freshly dissolved, neutralized, and filtered or 
centrifuged preparations was such that 1.00 ec. decolorized 1.00 ee. 
of 1:5000 methylene blue solution within 3 to 10 minutes in the 
presence of glucose and cozymase (from yeast) and required more 
than 20 minutes in the absence of either. 

The cozymase was prepared from Fleischmann’s bakers’ yeast® 
by one of several methods usually involving precipitation with 
phosphotungstic acid after preliminary precipitation with lead or 
barium. The cozymase used in each experiment was at least 
enough to give a maximal rate of decolorization of methylene 
blue in the presence of glucose by 1.00 ce. of glucose dehydro- 
genase solution. 


TABLE | 
Inhibitory Effect of Fluid Remaining after Adsorption of Cytochrome on 


Permutii 


Glucose dehydrogenase, cc. . 0.8 0.5 0.5 0.5 
Methylene blue, cc....... : 0.5 0.5 0.5 0.5 
Cozymase solution, cc 0 0.15 0 0.15 
0 0) 0.5 0.5 
Time of decolorization, min 17 3.5 17 7 


Indophenol oxidase preparations with cytochrome adsorbed 
on the particles were prepared by mixing indophenol oxidase 
suspensions with cytochrome solutions, neutralizing to litmus, 
allowing to stand 15 to 60 minutes, centrifuging, discarding the 
supernatant fluid, and shaking the suspension with enough phos- 
phate buffer to give the original volume. Such preparations are 
denoted hereafter indo-cyto. 

Methylene blue, 1:5000 in water, was used as a control of the 
glucose dehydrogenase activity. 

The glucose solutions used were boiled before use. 

The buffer solution is 0.25 m phosphate, pH 7.4, in all exper- 
iments. 


6 The author wishes to express his gratitude to Dr. C. N. Frey of The 
Fleischmann Laboratories for generous supphes of yeast. 
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The data presented in Tables I to III are from the last twenty 
of about 100 experiments on the oxygen uptake of the systems 
described above. 

Inhilitory Effect of Fluid Remaining after Adsorption of Cyto- 
chrome on Permutit--0.5 ce. of this fluid (characterized as ‘‘wash- 
ing’? in Table I) corresponds to 20 gm. of pressed yeast. The 
experiment was carried out in evacuated Thunberg tubes. 

Catalytic Effect of Cytochrome -Vhis was prepared from Fleisch- 
mann’s yeast, according to the second method of Ixcilin as modified 
by Green and with additional adsorption on permutit and elution 
with ammonia solution. ‘The final traces of silica were removed 


by treatment with 10 volumes of cold acetone in Series A of Table 


IT, and by shaking with ether in Series B. The silica subsequently 
remained insoluble; the cytochrome dissolved in water. The 
eytochrome in each of Vessels 2,3, and 4 of both series in Table II 
represents the yield from about 790 gm. of pressed yeast. 

The differences between the oxygen uptakes of Vessels 5 and 6 
of Series A in Table II and Vessels 5 and 6 of Series B are believed 
to be due to different lengths of exposure to atmospheric oxygen 
during solution on the dehydrogenase itself and on autoxidizable 
contaminants. 

Adsorption of Cozymase by Indophenol Oxidase on Which Cyto- 
chrome Had Previously Been Adsorbed—The cytochrome used in 
forming the indo-cyto and indo-cyto-coenzyme employed in 
Vessels 1 to 4 of Series A in Table II] represents the yield from 
300 gm. of pressed yeast; that in Vessels | to 4 of Series B cor- 
responds to 200 gm. of pressed yeast. The supernatant fluid in 
each case is that resulting from the centrifugation of portions of 
indo-cyto with cozymase solutions and the volumes added to the 
portions of indo-cyto not so treated are equal to the volume of 
the precipitate (indo-cyto-coenzyme) from which they have 
been separated. 


SUMMARY 
The phosphorus-containing fraction previously found associated 
with certain preparations of cytochrome C contains a substance 
inhibiting the action of the system; indophenol oxidase-cyto- 
chrome C-glucose-dehydrogenase-coenzyme-glucose. 
It has been shown that the insoluble muscle substance (indo- 
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phenol oxidase preparation ) adsorbs eytochrome C and COZVMAase, 
forming an active unit. 

A new and convenient method for the preparation of active 
cytochrome C preparations from American yeast is deseribed. 
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THE pH STABILITY OF THE PAPILLOMA VIRUS 
PROTEIN 


By J. W. BEARD ann RALPH W. G. WYCKOFF 
(From The Rockefeller Institute for Medical Research, Princeton) 
PLATE 1 


(Reeeived for publication, January 11, 1938) 


In a previous note (1) we have described the ultracentrifugal 
isolation of a macromolecular protein froni the warty tissue of 
western cottontail rabbits diseased with the virus of infectious 
papillomatosis (2). It was found that the infectivity of a tissue 
suspension was concentrated in the fraction containing this 
protein. ‘The amount of protein that could be extracted from a 
tissue has been roughly proportional to its infectiousness; none has 
yet been obtained from the non-infectious warts that this virus 
induces in domestic rabbits. Such a close natural association of 
the infectivity and the protein indicates the importance of any 
experiments that allow us to compare their behaviors and stabili- 
ties under similar conditions. One of the most instructive experi- 
ments of this sort that ean be made is a comparison of the pH 
ranges of virus activity and protein molecular stability. A pre- 
liminary account of such a comparison for the papilloma virus has 
already been published (3). Similar experiments have also been 
made with the elementary bodies of vaccinia (4) and the tobacco 
mosaic virus protein (5). 

In the present paper are described the experiments which have 
served to define the pH limits within which the papilloma virus 
remains active and to measure the sedimentation rates and hence 
the approximate molecular weights of the purified heavy protein 
within and on either side of these pH limits. The virus stability 
was established by inoculating initially active virus kept for 
various periods of time at different hydrogen ion concentrations 
into the skin of susceptible rabbits and noting the number and 
size of the papillomas that developed after 4 weeks. The molecu- 
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lar constitution of the protein in these solutions was determined 
through ultracentrifugal analyses following the original absorp- 
tion method of Svedberg. 

The necessary purified protein was obtained in the manner 
previously outlined (1). The essential steps are the following. 
Glycerolated wart tissue of proved infectiousness was ground with 
sand and extracted with 10 times its weight of physiological saline. 
After clarification in a horizontal centrifuge, this extract was held 
for 1 hour in a centrifugal field (6) of about 60,000 times gravity. 
The infectious principle was concentrated in the solid pellets thus 
formed in the ultracentrifuge tubes. Supernatant lquids were 
accordingly discarded and the pellets resuspended in fresh saline, 
These suspensions were next freed of aggregated colloidal material 
in a Swedish angle centrifuge and the infectious solutions ultra- 
centrifuged as before. This process of centrifugation and ultra- 
centrifugation was repeated four or five times. By then the 
pellets were transparent and colorless; their concentrated solutions 
were equally colorless though strongly opalescent. 

Experience showed that the original extracts contained light 
tissue proteins, the heavy protein with which the virus activity was 
associated, and much colloidal material of widely varying particle 
size. Most of the light protein was thrown away in the super- 
natant liquid from the first ultracentrifugation. That clinging 
to the solid pellets was eliminated more and more completely mm 
the supernatant liquids of successive ultracentrifugal precipita- 
tions. Ordinarily no chemical test for protein could be obtained 
with supernatant liquids from the third or later sedimentations. 
The process of ultracentrifugal precipitation aggregated the 
colloidal material present so that more and more of it was removed 
by the low speed centrifugations that alternated with the ultra- 
centrifugations. 

The amount and homogeneity of the heavy protein obtained has 
been very different from different batches of warts. None was 
extracted from non-infeetious tissue. Warts of low infectivity 
have given low yields and the protein from these ‘‘poor’’ warts 
has often produced in the analytical ultracentrifuge the diffuse 
boundaries indicative of molecular heterogeneity (Fig. 1); our very 
homogeneous preparations have all been derived from highly 
infectious tissue (Fig. 2). For the present experiments 18.2 mg. 
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of purified protein were employed. The wart tissue from which 
this was extracted weighed 105 gm., so that the averaged yield 
from the three bottles of warts supplying it was 1 part in about 
5750. 

For the study of the stability of infectiousness, papilloma virus 
was mixed with buffer solutions of desired pH. Portions of these 
solutions were tested for infectivity an hour, a day, a week, and 
4 weeks after preparation by inoculation into shaved and searified 
spots on the skin of domestic rabbits of the brown-gray, or agouti, 
breed (7). The resulting lesions were examined and charted 
three times each week. In some experiments the pH of the solu- 
tion tested was readjusted to about pH 7.0 immediately prior to 
inoculation, while in others the mixtures were inoculated at the 
pH of the buffer-virus mixture. Throughout the work the 
recorded pH values are those of the virus mixtures as measured 
with a glass electrode. All virus solutions were kept until used in 
tightly stoppered Pyrex tubes immersed in ice water. These solu- 
tions were not sterile, but whenever practical they were handled 
with aseptic technique. 

A composite buffer, based on that described by Best and 
Samuel (8), has been used in the studies of infectiousness. The 
stock solution contained borie acid, potassium dihydrogen phos- 
phate, and potassium hydrogen phthalate each in 0.053 mM concen- 
tration. This mixture exerts a satisfactory buffering action 
between pH 2 and 11, a range which proved to be adequate for 
the present work. ‘To 50 ce. portions of the stock solution 0.2 M 
hydrochloric acid or sodium hydroxide was added to provide the 
desired pH, and the solution was then diluted to 160 ee. with dis- 
tilled water. Buffer-virus mixtures were prepared by adding 2.0 
ec. of solutions of the virus protein purified by ultracentrifugation 
to 8.0 cc. of the various dilute buffer solutions. The final concen- 
tration of the salt in the buffer-virus mixtures was thus 0.04 m. 

In those experiments in which the pH was not readjusted, equal 
volumes of the buffer-virus solutions and the corresponding dilute 


buffers were mixed immediately prior to inoculation into the test 


rabbits. Control mixtures were prepared by adding virus to 0.9 
or 0.3 per cent (0.05 mM) saline without buffer salts. For those 
tests in which readjusted solutions were inoculated, a series of 
solutions was prepared by adding such an amount of 0.2 m hydro- 
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ehloric acid or sodium hydroxide to 200 ec. of 0.05 M sodium 
chloride that a pH of 7.0 was attained when equal volumes of 
buffer-virus mixture and the appropriate readjustment solution 
were mixed. 

Chart 1 shows the results of an experiment in which the pH 
values of the buffer-virus mixtures were readjusted to 7.0 before 
test inoculation; in the experiment of Chart 2 no such readjust- 
ment was made. It is apparent that the pH of the inoculum 
exerted no demonstrable influence on the infectivity of the virus. 
The rates of inactivation of the virus in the eritical acid and alka- 
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line zones also were examined in more detail with a somewhat 
larger amount of the purified virus (Chart 3). It was clear from 
the lengthening of the period of incubation in test rabbits that no 
virus solution was quite as active at the end of 4 weeks as at the 
beginning of an experiment. 
acid from neutrality to pH 4.2. 
quite rapid and at pH 2.5 it was immediate. 


At pH 3.0, inactivation was 
There was little 


indication that the virus was damaged more in buffer solution 
Initial activity was not long main- 

The virus instantaneously dis- 
Less 


than in saline of the same pH. 
tained in any alkaline solution. 
appeared from solutions more alkaline than about pH 10. 


The least loss of activity occurred in 
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a alkaline solutions gradually lost infectivity, the rate of this in- 
getivation increasing with the pH. It is interesting to note that 
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in acid, addition of the virus brought about little change in the 
PH of a buffer, while on the alkaline side its pH was sharply 
lowered. 
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The molecular state of the heavy protein in solutions between 
pH 1.5 and 11 has been determined by ultracentrifugal absorption 
analyses. Cells 2 mm. thick were employed; the absorption of 
the protein in the ultraviolet between 2300 and 2700 A. is such 
that the optimum concentration for this thickness 1s about 1.8 
mg. per ec. The solutions for analysis have in some instances 
been made by diluting a saline solution of twice the desired concen- 
tration of protein with an equal volume of 0.1 M buffer. In other 
cases a known amount of protein in saline solution was sedi- 
mented in the quantity ultracentrifuge and the resulting pellet 
dissolved in a measured amount of 0.05 mM buffer. The accepted 
pH of the photographed solution was that measured on it with a 
glass electrode. The buffers were like those employed in the 
infectivity tests, except that potassium hydrogen phthalate was 
not used. This omission results in a poorer buffer, but it is neces- 
sary in view of the strong ultraviolet absorption of the phthalate 
ion. 

The usual series of pictures showing the rate of protein sedi- 
mentation in a known centrifugal field were made immediately 
after preparing the solutions and after they had stood for various 
lengths of time. Sedimentation constants calculated from these 
photographs are collected in Table I; typical photographs are 
reproduced in Figs. | to 7. The protein has its isoelectric point 
at pH 5. Between pH 4.2 and 5.8, on either side of this point, it 
was too insoluble for measurement. It dissolved on the acid side 
with the same sedimentation constant that it had at pH 6. This 
value was maintained with increasing acidity until at a pH. near to 
2.8 the sedimentation rate suddenly dropped. This is undoubt- 
edly due to a break in the protein molecule-—light, ‘‘unsedimen- 
table’? material could be seen in considerable amounts in the dia- 
grams of very acid solutions. ‘The altered nature of the lighter 
acid protein was further demonstrated by its complete precipita- 
tion when the pH was readjusted to about 6.5. 

The sedimentation diagrams from alkaline solutions were the 
same as that from the protein in neutral buffer until a pH slightly 
above 10 was reached. In solutions more alkaline than this the 
protein was split into fragments that were smaller the higher the 
pH (Table I). Such a stepwise splitting has already been de- 
scribed for the tobacco mosaic virus protein (5). It is to be 
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noted that both the acid and alkaline pH values at which there 


was molecular breakdown are, as closely as can be determined, 
those at which there is immediate loss of viral activity. 

This parallelism between apparent molecular stability and in- . 
fectiousness Was not maintained in experiments on alkaline solu- 


tions that had stood for some time. As Charts 1 to 3 show, solu- 


TABLE | 


Sedimentation Constants of Papilloma Virus Protein 


pH Sedimentation constant (829°) 


1.8 ‘Too small to measure 
1.85 182, 297 

2.6 203, 302; 214, 320 (380 days)* 
202 

2.85 

2.9T 276, 408; 278, 424 (39 days) 
263, 392 

4.0 269 

Insoluble 

6.0 267, 381 

O.5 264, 385 

Saline 284, 414; 283, 426 (36 days) 
7.0 251, 378 

9.5 254, 374 

9.9 251, 

10.2T 129 

10.7 30 


* Numbers in parentheses indicate the length of time in days that the 
preparation has been at the designated pH before measurement. 

t The virus is immediately inactivated at pH values lower than about 
2.9 and higher than about 10.1. 


tions in the pH range between 7 and 10 became non-infectious at a 
rate that increased with the alkalinity. We have not been able 
to demonstrate a change in sedimentation diagrams accompanying 
these slow losses of infectivity. Weakly alkaline solutions of the 
tobacco mosaic virus protein behave in the same way (5, 8). If 
infectiousness is a property of the heavy protein, this must mean 
that slow alkaline inactivation is due to chemical changes that 
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do not effect a measurable alteration in the molecular size and 
shape. The sedimentation constants for the molecules in the 
unstable but still active solutions having pH values between 7 and 
10 appear to be a few per cent lower than for the molecules in 
the more stable solutions at pH 6 and 6.5 (Table 1); they are 
definitely smaller than the constants for solutions in physiological 
saline. The real meaning of these small differences in sedimenta- 
tion rate is not clear. They could arise through minor changes in 
molecular shape or size, or they could conceivably have their 
origin less directly in phenomena associated with the known great 
hydration of these molecules. 

The molecular weight (17) of the heavy protein cannot be 
established without a knowledge of its density and of its diffusion 
rate. Neither has yet been measured. If the density is p = about 
1.33, as in the case of most proteins, and if the diffusion constant 
were to be near D = 1.0 & 1077 (as could reasonably be true) (9), 
then M would be around 25 millions. 

Two sedimenting boundaries can be seen in the ultracentrifugal 
diagrams of the purified protein (Fig. 5). The nature of the 
heavier secondary boundary is uncertain. It is a common feature 
in diagrams of the heavier proteins, especially those that have 
been subjected to the action of salts (10). It might be assumed 
that solutions giving these double boundaries contained 2 un- 
related molecules that happened to have nearly the same weights. 
There are, however, several facts that argue against such a con- 
clusion. The absorption of light responsible for the secondary 
boundary, for example, often increases as a given solution ages. 
Other evidence that the two boundaries are related is to be found 
in the fact that originally double boundaried preparations of the 
papilloma protein usually show only the principal boundary when 
they go back into solution on the acid side of the isoelectric point. 
Svedberg (9) has found that molecular association can account for 
somewhat similar double boundaries among the lighter proteins 
with which he has dealt. The sedimentation constants of the 
two boundaries of the papilloma protein are different enough to be 
an expression of such association, but the constants observed for 
other virus proteins could not be explained in this way. 


J. W. Beard and R. W. G. Wyckoff 469 


SUMMARY 


A study has been made of the pH range of stability of the mole- 
cules and the infectiousness of solutions of the purified heavy 
protein isolated by quantity ultracentrifugation from virus- 
induced warts on cottontail rabbits. It is found that immediate 
inactivation of the virus occurs at those pH values at which the 
protein molecules fragment. In weakly alkaline solutions there 
isa gradual loss of viral activity which is not reflected in observ- 
able changes in the molecular sedimentation rates. The observed 
phenomena are compatible with the hypothesis that the homo- 
geneous heavy protein is the causative agent of infectious papil- 
lomatosis in rabbits. | 
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EXPLANATION OF PLATE | 

Fic. 1. The sedimentation diagram of the inhomogeneous protein ex- 
tracted from several ‘‘poor,’’ only weakly infectious warts. Mean cen- 
trifugal field = 10,600 times gravity. In Figs. 1 to 7 the interval between 
successive pictures was exactly 5 minutes; the duration of an exposure was 
about 1.5 seconds. Photography was with ultraviolet light of wave-lengths 
between about 2300 A. and about 2700 A. 

Fic. 2. The sedimentation diagram of a saline solution of homogeneous 
protein from highly infectious warts. No change could be seen in a photo- 
graph made after the solution had stood for 36 days in the ice box. Note the 
fainter and more rapidly sedimenting secondary boundary. Mean field 
= 16,600 times gravity. 

Fic. 3. The diagram of an inactive pH 1.8 solution of the papilloma 
protein. Though it sedimented at a slower rate (Table I) than the active 
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proteins, it had the same homogeneity. Unsedimentable material can be 
seen in the original negative. Mean field = 16,710 times gravity. 

Fic. 4. Diagram of a solution of the papilloma protein in pH 2.9 buffer 
The sedimentation rate deduced from this photograph is the same as that 
found for solutions on the alkaline side of the isoelectric point. Mean 
field = 16,810 times gravity. 

Fic. 5. Diagram of the papilloma protein in pH 7.0 buffer. Mean field = 
17,380 times gravity. 

Fic. 6. Diagram of the papilloma protein in pH 9.6 buffer. There is no 
measurable difference in the diagrams of an active solution immediately 
after adjustment to this pH and of the same solution after it had lost 
activity on standing. Mean field = 12,830 times gravity. 

Fig. 7. Diagram of an inactive solution of pH 10.7. The molecular 
fragments are small but homogeneous in size; much ‘‘unsedimentable” 
material is also present. Mean field = 10,510 times gravity. 
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THE BIOLOGICAL ASSAY OF THE CARBOHYDRATE 
METABOLISM HORMONE* OF THE ANTERIOR 
PITUITARY? 


By A. J. BERGMAN anp C. W. TURNER 
Wirh THE TECHNICAL ASSISTANCE OF P. T. Cupps 
(From the Department of Dairy Husbandry, University of 


Missour?’, Columbia) 


(Received for publication, January 11, 1938) 


Since Johns ct al. (1) produced hyperglycemia and glycosuria 
in normal dogs by the injection of extracts of the anterior pitu- 
itary, and Koster and Geesink (2) observed subnormal values 
for blood sugar in hypophysectomized dogs, there has been in- 
creasing evidence presented for a “carbohydrate metabolism”’ hor- 
mone secreted by the anterior pituitary (see reviews by van 
Dyke (3), and Gomez and Turner (4)). The importance of 
this factor in lactating animals was indicated by the work of 
Gomez and Turner (5) who observed that lactation, in hypophy- 
sectomized guinea pigs, could be initiated or maintained with the 
lactogenic and adrenotropic hormones only when frequent in- 
jections of glucose were made, and by the observations of Graham 
(6) concerning the precursors of lactose and the relation of the 
latter to the control of the volume of milk secreted. As the se- 
cretion of large amounts of milk requires the mobilization of 
large amounts of blood carbohydrates, it was decided to begin 
a study of the carbohydrate metabolism hormone of the anterior 
pituitary. 

The first effort was directed toward the development of a satis- 
factory biological assay method. Eitel and Loeser (7) and 
Holden (8) showed that pituitary extracts increased the blood 


*Has been called diabetogenic, contrainsulin, blood sugar-raising 
principle, glycotropic, and glycogenolytic factor. 
t Contribution from the Department of Dairy Husbandry, Missouri 
Agricultural Experiment Station, Journal Series, No. 549. 
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sugar and decreased the liver glycogen in immature guinea pigs 
(200 gm. or less). Holden determined the blood sugar of guinea 
pigs 24 hours after a series of injections of an acid extract of cattle 
pituitary. The results were not consistent, ranging from 92 to 
384 mg. percent. In one-third to one-half of the determinations, 
values were obtained exceeding the highest normal levels. In 
order to find the maximum level, he determined the blood sugar 
after single injections as follows: after 4 hours, 170 mg. per cent: 
after 8 hours, 252 mg. per cent; after 13 hours, 204 mg. per cent: 
and after 24 hours, 138 mg. per cent. 

Preliminary studies were designed to verify Holden’s observa- 
tions as to the interval following the injection when a maximum 
response would be obtained, to determine the effect of varying 
dosage, and to determine the variability of response between 
different animals. 

Very soon it was discovered that the nutritive condition of the 
test animals greatly influenced the sensitivity of the response to 
the hormone. It should be emphasized that only animals which 
are eating well and gaining in weight normally should be selected 
for the test. In animals not in good condition and not eating 
well the liver glycogen was found to range between 252 and 768 
mg. per cent as compared to a normal of about 2500 mg. per cent. 

To obtain a rapid increase in the blood sugar it appeared de- 
sirable for the rate of absorption to be as rapid as possible. Since 
it is generally recognized that the intraperitoneal method of 
injection permits more rapid absorption than the subcutaneous 
route, the former was used. 

Normal Blood Sugar Values for the Guinea Pig—-The normal 
range of blood sugar in the guinea pig reported by Eitel and 
Loeser (7) was 68 to 120 mg. per cent, determined by the Hage- 
dorn-Jensen method. Holden (8) used the Shaffer-Somogy! 
method and reported a range of 90 to 126 mg. per cent in males 
weighing 190 to 200 gm. | 

In twenty-three normal male guinea pigs within a weight range 
of 147 to 220 gm., the blood sugar determined by the Shaffer- 
Somogyi method ranged between 90 and 126 mg. per cent with 
an average of 108.6 mg. per cent. In this group are included 
six animals which received 5 mg. of an extract of beef muscle. A 
group of eight animals ranging in weight from 257 to 379 gm. 
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ranged from 99 to 134 mg. per cent with an average of 115.1 mg. 
per cent (Table I). These and other data lead us to believe that 
body weight does not markedly influence the blood sugar. We 
prefer, however, to use animals within the weight range of about 
180 to 220 gm., so that variations due to the effect of body weight 


TABLE 


Relation ay faveen Blood Sugar and Body Wee ight of Normal Guinea Pigs 


Body weight Blood sugar Body weight Blood sugar 
gm. mg. per cent gm. mg. per cent 
147* 107 204 116 
150* 10S 257 134 
105 270 105 
158 107 270 107 
160* 1O4 207 130 
163 105 290)* 117 
164 105 316 113 
165 107 QQ 
166 105 
108 

170 
175 114 
178 115 
180) 107 
180 122 
ISO LOS 
1S3 112 
1S5 126 | 
185 122 
195 | 104 | 
110 | 
215 | 113 
220)* 115 
Average 175.8 108.6 291.5 115.1 


* Injected with 5 mg. of beef muscle extract. 


in relation to the amount of hormone injected may be kept at a 
minimum. 
EXPERIMENTAL 


Procedure—-Guinea pigs weighing from 180 to 220 gm. in good 
physical condition, eating normally and gaining in weight, were 
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selected. Intraperitoneal injections were usually made at 8 a.m. 
The animals were then sacrificed at varying intervals by a sharp 
blow on the head. The blood sample was obtained by severing 
the blood vessels of the neck. Blood sugar determinations were 
then made by the Shaffer-Somogyi (9) method. The animals 
were handled as little as possible previous to the time of sacrifice 
to eliminate blood sugar elevaticn due to fright or other psychic 
*AUSES. 

Except as otherwise noted, the hormone used in all of the ex- 
periments reported in this paper was extracted from acetone- 
dried sheep anterior lobe powder with 15 to 20 volumes of 60 
per cent alcohol at a pH of 9 to 10. The supernatant fluid from 
three successive extractions was combined, and the active prin- 
ciples precipitated by adjusting the solution to a pH of about 5.7 
and by the addition of 95 per cent alcohol (about 3 volumes) 
until the concentration of alcohol was 86 per cent or above. The 
precipitate which formed was removed with a centrifuge, washed 
four times with 95 per cent alcohol and twice with ether, then 
dried in a current of warm air. 

For the purpose of injection, the dried preparation was dis- 
solved in a slightly alkaline solution (with NaOH), then pre- 
cipitated by bringing the solution to the isoelectric point with 
HCl. 

Observations—In the preliminary experiment-a total of forty- 
seven guinea pigs was injected with amounts of extract varying 
from 3 to 20 mg. and then sacrificed at intervals varying from 4 
to 28 hours (Table II). Considerable variation was observed in 
the blood sugar level, ranging from 97 to 309 mg. per cent. Even 
under the same conditions some animals failed to respond, re- 
maining within the limits of the normal range. Upon seeking a 
possible explanation for these low values, it was noted that in 
most cases such animals either lost or failed to gain in weight 
during the day of the injection. It appears important that the 
food intake on the day of injection be adequate to provide an 
abundant absorption of carbohydrates. 

Very definite increases in blood sugar were induced with injec- 
tions of 4 or more mg. of the extract, thus confirming the obser- 
vations of Holden and demonstrating the potency of our prepara- 
tions. A period of 8 hours between the time of injection and the 
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sacrifice of the animal resulted in satisfactory elevations of the 
blood sugar. With the higher levels of hormone injection, sugar 
levels of 200 mg. per cent or above were noted. Considering 
that the excess sugar would appear in the urine rather rapidly, 
it is not surprising that the larger amounts of hormone (10 and 
20 mg.) did not increase the sugar much above this level, but 
produced a more sustained effect. 


TABLE II 


Effect of Pituitary Ertract upon Blood Sugar (Body Weight between 180 
and 220 Gm.) 


Interval Blood sugar following anterior pituitary extract 
between 
injection 
3.0 mg. 3.5 mg. 4.0 mg. 5.0 mg. 10.0 mg.|20.0 mg. 
Ara. mg. per cent mg. per cent| mg. per cent mg. per cent ys se ad 
4 175 183 172 
6 136, 116 127, 121 | 207, 168, 112, 
116 
S 138, 136, 111, | 142, 116 | 180, 206, 169, 206, 216, 309 232 
128, 108, 107, 168, 202, 126, 187, 
average | 124, average aver- 
121.3 167.9 age 
203 .0 
10 137, 97 158, 211 
12 149, 116 | 132, 195 171 110 242 
14 182 
16 145 220) 
28 133 179 
The bold-faced figures represent blood values from animals which either 


lost or failed to gain weight. 


(ruinea Pig Unit of Carbohydrate Metabolism Hormone-—On 
the basis of the observations in Table II, it was decided to formu- 
late a tentative procedure for the biological assay of this factor. 
Male guinea pigs weighing 180 to 220 gm. are to be used. The 
pituitary extract, in the form of a suspension, is injected intra- 
peritoneally in the morning and the animals sacrificed 8 hours 
later. The blood sugar is determined by the Shaffer-Somogyi 
(9) method. 1 unit of hormone is defined as that minimum 


amount which will increase the blood sugar of at least five animals 
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under these conditions about 50 per cent above the normal (normal 
about 110) or to about 165 mg. per cent. 

As 4 mg. of hormone produced an average blood sugar of 168 
mg. per cent (see Table II) in the preliminary trial, it was decided 
to determine the reproducibility of the results under uniform con- 
ditions at the same level of injection, with the following results, 


Average 


mg. per cent mg. per cent 
Group I] 195, 157, 156, 170, 141 163.8 (5 animals) 
175, 140, 221, 181 
147, 100, 144, 170, 99 132.0 (5 
sie \ 140, 164, 151, 165, 208, 142 161.7 (6 ee 
ee . 156, 133, 213, 167, 136 161.0 (5 we 


The average of thirty-two animals was 160.8 mg. per cent. of 
glucose. 

Of the six groups of animals each injected with 4 mg. of the ini- 
tial extract of the anterior pituitary, four groups averaged between 
160 and 170 mg. per cent, while one was slightly high and the 
other low, due to the presence of two animals within the normal 
range. Of thirty-two animals included in the entire series of 
assays, twenty-eight were above the normal range. It is believed 
that by the careful selection of animals in a thriving condition, 
the number of non-responsive animals can be kept at a minimum. 
Five animals will usually give a good preliminary assay, and may 
be relied upon if all individuals give a response above the normal 
range. If there are individuals within the normal range, the 
number of animals should be increased to ten or more. 

Cattle pituitary glands extracted by the procedure outlined 
above were also assayed by this method for their content of the 
‘arbohydrate metabolism factor. An injection of 4 mg. of the 
extract produced the following elevations in the blood sugar oi 
the test animals: 172, 230, 136, 166, 195, 175, 133, 167, and 188, 
with an average for the nine of 170.2 mg. per cent. It would 
thus appear that these samples of sheep and cattle pituitaries 
contain about the same amount of the hormone. 


SUMMARY 


A study is reported on the use of the guinea pig in the biological 
assav of the carbohydrate metabolism hormone of the anter0 
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pituitary. ‘Phe blood sugar of the normal male guinea pig within 
the weight range of between 150 and 220 gm. varied between 90 
and 126 mg. per cent as determined by the Shaffer-Somogyi 
method, with the average of twenty-three such animals 108.6 mg. 
per cent. 

It was found possible to confirm the observations of earlier 
workers indicating the presence in pituitary extracts of a factor 
which would cause a rapid elevation in the level of the blood glu- 
cose of well nourished guinea pigs. 

In preliminary studies a total of forty-seven guinea pigs was 
injected with varying amounts of the pituitary and then saeri- 
ficed at intervals varying from 4 to 28 hours. Increases in blood 
sugar approaching the maximum were attained in about 8 hours. 

Upon these observations, a tentative guinea pig unit of the 
hormone was formulated as follows: a unit of the carbohydrate 
metabolism hormone is defined as the minimum amount of extract 
injected intraperitoneally into well nourished male guinea pigs 
weighing from 180 to 220 gm., which will eause after 8 hours an 
average increase of 50 per cent (to about 165 mg. per cent) in the 
blood sugar of five or more animals. 

Five groups of animals showed that the reproducibility of the 
method was good. The selection of well nourished animals is of 
prime importance. 

Samples of sheep and cattle pituitary extracted in 60 per cent 
alcohol at a pH of 9 to 10 contained about 250 units per gm. of 
dried extract (4 mg. per unit). 
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A STUDY OF THE INFLUENCE OF HEAVY WATER 
UPON AMYLASE FORMATION IN BARLEY 


By M. L. CALDWELL anpb 8S. E. DOEBBELING 


(From the Department of Chemistry, Columbia University, New York) 
(Received for publication, January 15, 1938) 


Amylase activity increases markedly during the germination of 
many grains and this increase is often associated with the forma- 
tion or liberation of more than one starch-splitting enzyme. Thus, 
malted barley has been found (1-7) to contain at least two dis- 
tinct amylases in proportions which depend upon the treatment 
of the grain. Water is an important factor in these changes and 
is also essential to the action of the amylases after they are formed. 
It seemed of special interest, therefore, to study the influence of 
heavy! as compared with ordinary? water upon the generation of 
amylase activities during the sprouting of barley. The results of 
this extensive quantitative study are briefly summarized here. 

The study included a comparison of the amylase activities of 
barley grains before germination with those of grains which had 
been allowed to germinate in water? and in different concentrations 
(8) of heavy water. The comparisons were made at definite in- 
tervals during the course of the germination and also at what 
appeared to be the same stages of germination of the grains. The 
concentrations of heavy water studied were 1, 10, 50, and 100 per 
cent (8). Precautions already described (8) were observed to 
prevent as far as possible dilution of the heavy water by water 
other than that present in the air-dry grains. 


EXPERIMENTAL 


Enzyme Solutions—The enzyme solutions were prepared in a 
strictly uniform manner. The barley was soaked for 3 hours (9) 


'The heavy water was kindly furnished by Professor H. C. Urey. 
* All of the ordinary water as well as the heavy water used in this 
work was especially purified as previously described (8). 
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in the concentration of water beimg studied. I¢qual numbers of 
grains from each comparison were then placed, cleft side down, 
upon a layer of small glass beads (1 mm.) (9%) in Petri dishes and 
moistened with equal volumes of the water being studied in each 
ease. The dishes were placed in desiccators over water of the 
same concentration. The desiccators were kept side by side at 
room temperature (23-29°) in a darkened room. 

In one type of comparison, equal numbers of grains were allowed 
to germinate for the same lengths of time in the different concen- 
trations of water. They were then lifted from the beads, ground 
in a glass mortar, extracted with equal volumes of ordinary’ 
water (usually 5 ec.), centrifuged, and the supernatant liquid 
examined for amylase action. ‘Lhe time of extraction and that of 
centrifuging were kept constant. 

In the second type of experiment, equal numbers of grains which 
had reached what appeared to be the same stage of germination 
were selected from each comparison, treated as above, and ex- 
amined for amylase action. 

Measurements of Amylase Activity Measured portions of the 
extracts obtained as described above were allowed to react for 
definite time intervals at 40° with suitably buffered (6) dispersions 
of soluble potato starch made up in purified ordinary water. The 
reducing sugar formed from the starch was measured iodometri- 
eally (10). The = starch-splitting activity was determined by 
measurements of the velocity of the disappearance from the hy- 
drolysis mixtures of products which give a blue color with iodine 
(11) and, in some cases, by measurements of the residual starch 
or amylose at intervals during its hydrolysis (12). 


Results 


Suitably controlled experiments showed that heavy water in 
concentrations equivalent to those introduced into the hydrolysis 
mixtures by the enzyme solutions did not interfere with the hy- 
drolysis of the amylose by the amylases under the conditions of 
these experiments. This made it possible to make strictly com- 
parable measurements of the amylase action of the different ex- 
tracts studied. 

Both the saccharogenic and the amyloclastic activities of the 
extracts were found to increase with the time of germination of the 
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grain in all the systems studied, but the increases in the two types 
of amylase action were not proportional in any case; the amylo- 
elastie activity, which is negligible in the ungerminated barley, 
rose much more rapidly in all cases than the saecharogenie ac- 
tivity which is already relatively high in the dormant barley. 


TABLE | 


Influence of Heavy Water upon Amylase Formation in Barley 


Saccharogenic Amy loclastie 
A verage action action 
Treatment of barley, length 
of roots Rel 
Activity* telative Re ative 


increase Activityt increase 
After 24 hrs. in H.O 1 595 2.0 100 5O 
2 379 2.1 100 50) 
? 305 1.0 <8 | 5 
14 LOS6 S71 436 
19 1086 3.7 S71 436 
518 1.7 33 17 
40) 1817 6.1 1714 857 
40) 6.1 1714 S57 
12 1353 4.6 1000 5OO 
50 1549 5.2 1818 909 
20 1549 5.2 1429 715 
2.0 R34 2.8 63 31 


* The saccharogenic activity was calculated from the volumes of the 
enzyme solutions required to give 15 mg. of maltose per 5 cc. of 2 per cent 
starch in 30 minutes at 40° by dividing the weight of maltose in mg. by the 
volume in ec. of the enzyme solution. 

+The amyloclastic activity was calculated from the volumes of the 
enzyme solutions required to bring 5 cc. of 1 per cent starch in 30 minutes 
at 40° to products which give a clear red color with iodine, by dividing the 
weight of the starch (50 mg.) by the volume in ec. of the enzyme solution. 


This lack of proportionality in the two activities is in accord with, 
and lends further support to, other evidence (1-7) that more 
than one amylase is generated during the germination and sprout- 
ing of barley. 

The extent and rate of sprouting of barley and the generation 
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of amylase activities were not appreciably different in grains which 


had been treated with ordinary water or with | per cent or 10 per | 


cent heavy water. These observations, repeatedly made with 
several lots of barley, are of interest as an indication that heavy 
water is not appreciably unfavorable to the metabolism of this 
grain even when present in concentrations many times higher than 
those which are probably normally encountered in nature. 

100 per cent heavy water, however, had a markedly unfavorable 
influence upon the rate and extent of the sprouting of the barley 
and upon the generation of the amylase activities which is affected 
in the same direction as the germination of the grain. Moreover, 


the unfavorable influence of the higher concentrations of heavy 


water was much more pronounced with the starch-splitting than 
with the sugar-forming activity. Typical, comparable data are 
given in Table I. 

As the heavy water was found not to influence appreciably 
the activities of these amylases in the crude extracts here studied, 
its unfavorable influence would seem to be exerted either upon the 
stabilities of these amylases, especially that of the amylase with 
relatively high starch-splitting activity (a-), upon the stabilities 
of inactive combinations of these amylases in the grain, or upon 
other enzymes in the grain which are normally needed to set free 


or to form the amylases from some inactive combination or state. — 
The first of these possibilities is being studied with highly purified | 


amylase preparations from barley and from malted barley. 


SUMMARY 


Heavy water, in concentrations of 1 and of 10 per cent, has no 


appreciable influence upon the germination of barley or upon the — 
generation of amylases during this process. 100 per cent heavy | 
water, however, has a markedly unfavorable influence upon the | 


rate and extent of the sprouting of barley and upon the generation | 


of amylase activities, and this unfavorable influence is much more | 
pronounced with the amylase of relatively high amzyloclastie — 


(a-amylase) than with the amylase of relatively high sugar 
forming activity (8-amylase). 


The unfavorable influence of the heavy water appears to be | 
exerted upon the formation or upon the stabilities of the amylases | 


rather than upon their action in the hydrolysis of starch. 
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THE DIFFERENTIAL MIGRATION OF THE PRESSOR AND 
OXYTOCIC HORMONES IN ELECTROPHORETIC STUD- 
IES OF THE UNTREATED PRESS-JUICE OF THE POS- 
TERIOR LOBE OF THE PITUITARY GLAND 


By GEORGE W. IRVING, Jr.,* ano VINCENT pu VIGNEAUD 
(From the Department of Biochemistry, School of Medicine, George 


Wash ington Unive rsily, Wash inglon) 


(Received for publication, January 19, 1938) 


A study of the electrophoretic behavior of preparations obtained 
by chemical procedures from the posterior lobe of the pituitary 
gand has shown that both the pressor and oxytocie activities 
migrate toward the cathode, the pressor migrating at the faster 
rate (1). The fact that the two activities possess different migra- 
tion rates makes it obvious that, in such preparations, these 
activities are properties of separate entities. This is in agreement 
with the preponderance of evidence available at the present time. 
On the other hand, one cannot assume from these data that the 
activities were originally present as separate entities, since the 
methods of preparation of the active powders involved rather 
drastic treatment. It is entirely possible, as has been claimed, 
that these activities are actually manifestations of a single com- 
pound which is split at some stage in the chemical purification 
process into separate pressor and oxytocie components. 

It occurred to us that if we could in some way study the electro- 
phoretic behavior of fresh gland material which had been sub- 
jected to no chemical treatments whatsoever, we might secure 
crucial evidence on this point. It was therefore decided to study 
the electrophoretic migration rates of the pressor and oxytocic 
activities from the mechanically expressed juice of fresh untreated 
glands. 

The first experiments were carried out on posterior lobes which 
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were frozen in dry ice and sent to us from Detroit.1. The glands | 
were thawed, ground with sand, and immediately subjected to f 


20,000 pounds pressure in a Carver press. The temperature 


during the pressing operation was maintained below 10°. The ( 
pressor and oxytocic activity contained in the juice and in several I 
washes obtained by this procedure was compared with that ( 
obtainable from an equal weight of glands by the usual hot 0.25 r 
per cent acetic acid extraction of the acetone-desiccated material. I 
Interestingly enough, within the accuracy of the methods of 

assay, practically all of the pressor and oxytocic activity extract- 
able from the glands was obtained in the press-juice and the wash V 
of the sand-gland residue. ‘This active press-juice was placed t 
directly in the electrophoresis apparatus and the relative rates 0 
of migration of the pressor and oxytocic activities were deter- v 
mined by assay. As was found in the electrophoresis of chemically t 
derived crude powders, the pressor activity from the press-juice v 
migrated more rapidly than the oxytocic. This observation was 
confirmed repeatedly, when the press-juice obtained from several 
batches of frozen glands was used. 

Despite the fact that no chemical treatments were employed in d 
preparing the material for electrophoresis, we felt that the results Ci 
were open to some question, inasmuch as we did not have complete 0 
data on the previous history of the glands used. Enzymatic tl 
changes might have taken place in the gland material prior to 


freezing or during the period of storage and shipment in the frozen 
condition. For this reason, we next studied the freshest gland ct 


material obtainable, under conditions controlled so as to minimize nm 
possible enzymatic action. Arrangements were therefore made | di 
to obtain posterior lobes from cattle within a few minutes after as 
the death of the animal on the killing floor of the slaughter-house. 
The hypophysis was removed and the posterior lobe immediately WwW 
dissected out and frozen in dry ice. The lobes were then brought _ al 
as quickly as possible to the laboratory where they were thawed | tc 
momentarily for the expression of the active juice. The juice | t 
was then subjected to electrophoresis at a temperature maintained tc 
below 10°. Assays made after the completion of the electro- Pf 
| pt 
! We wish to express our appreciation to Dr. Oliver Kamm of Parke, | 
Davis and Company for so generously supplying us with frozen gland ‘ 


material. 
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phoresis again showed that the pressor activity migrated at a 
greater rate than the oxytocic. 

Since the two activities migrate at different rates they must 
obviously be manifestations of separate chemical entities in this 
mechanically expressed juice obtained from fresh glands. This, 
of course, cannot be taken to indicate that the same situation 
necessarily exists in the gland itself. The elimination of such a 
possibility is beyond the scope of the present approach. 

It is quite apparent that this same method of approach which 
we have found effective in the case of the posterior pituitary might 
well be applicable to other problems where the question arises as 
to whether or not various activities are due to a single substance 
or to different substances. The problem confronting the field 
with regard to the physiological activities of the anterior lobe of 
the pituitary gland immediately comes to mind as an instance in 
which this approach might be particularly effective. 


EXPERIMENTAL 


The apparatus used in this investigation has been described in 
detail in the previous paper (1). The electrophoresis set-up used 
consisted of a 5 cell series of 30 cc. beakers. The electrodes were 
of pure carbon. 1000 volts direct current were used throughout 
the work. 

A typical experiment on the electrophoresis of the press-juice 
from fresh glands will be presented in detail. This experiment was 
confirmed by three separate experiments in which fresh gland 
material was collected and subjected to the same procedure 
described in the typical experiment. The results were in complete 
agreement with those of the experiment to be described. 

Thirty-four posterior lobes, representing 10 gm. of material, 
were dissected from the hypophyses of steers within a few minutes 
after the killing of the animals.2. The lobes were rinsed with water 
to remove excess blood and were immediately frozen by dropping 
them into a test-tube immersed in dry ice. The glands, brought 
to the laboratory in the frozen state, were thawed sufficiently to 
permit them to be quickly and thoroughly ground in a chilled 
porcelain mortar with 10 gm. of clean white sand. The juice was 


?We wish to thank Greenwald, Inc., Baltimore, for making available 
to us the fresh gland material used in this work. 
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expressed from the ground mass by means of 20,000 pounds pres- 
sure in a Carver press. All of the parts of the press which touched 
the material during the pressing operation were previously chilled. 
A few ec. of ice water were added to the residue. The material 
was again ground and was subjected to pressure. This process 
was again repeated. The juice and the washings were combined 
and diluted to 100 ce. with ice-cold distilled water. The pH of this 
solution was 6.0. 20 cc. of this diluted juice, representing 2 gm. 
of glandular material and containing 560 units of pressor and 420 
units of oxytocic activity, were placed in the center cell of the 5 
cell set-up. The remaining cells were filled with 20 cc. of distilled 
water; the siphons were filled by application of suction to the 
manifold. The entire set-up was maintained at a temperature 


TABLE 


Distribution of Activities after Electrophoresis. Experiment 1 


Cell No. | Pressor units | Oxytocie units | pH 
1 (Cathode) | 27 | 3 | 10.2 
2 | 432 | 240 | 6.2 
3 (Starting) | 06} | 170 | 4.0 
4 | 3 9 | 3.0 
5 (Anode) 0 0 


below 10° by immersing it in an ice-cooled water bath. Electro- 
phoresis at 1000 volts was carried out for 17 hours, after which the 
cell contents were removed and assayed. The current, during 
the experiment, started at 0.17 milliampere, increased rapidly 
to a peak of 4.28 milliamperes at the end of 6 hours, and _ had 
decreased gradually to 0.49 milliampere by the end of the run. 
The time elapsing from the removal of the glands from the animals 
to the end of the electrophoresis was 23 hours, during which period 
the temperature of the glands and the gland juice was never 
above 10°. 

The results of the assays, as well as the pH values of the cells 
at the end of the period of electrophoresis, are given in Table I. 
The pressor assays were carried out on cats under deep amytal 
anesthesia, and oxytocic assays were made on hens, with the 
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technique described in previous work reported from this labora- 
tory (2). 

The results given in Table I show definitely that the pressor and 
oxytocic activities contained in the fresh gland juice migrate at 
different rates toward the cathode cell, the pressor migrating at 
the greater speed. ‘The ratio of pressor to oxytocic activity in the 
cathode cell after completion of the electrophoresis was 9:1. The 
same ratio in the material placed in Cell 3 at the start of the elec- 
trophoresis was 1.3:1. It was clear that the differential migration 
was not due to preferential inactivation, since the total amount 
of both activities started with was accounted for at the end of 
the electrophoretic period. The difference in the relative migra- 
tion rates of the two activities is further demonstrated by the 
assay Values given for Cells 2 and 3. There was relatively more 
pressor than oxytocie activity in Cell 2, whereas in Cell 3 the re- 
verse was true. 


SUMMARY 


In the electrophoretic study of the chemically untreated, 
mechanically expressed juice of fresh posterior pituitary glands, it 
was found that the pressor activity traveled at a faster rate than 
the oxytocic activity, thus demonstrating that the activities in 
this simple press-juice were manifestations of different chemical 
entities. 
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THE FORMATION OF COPROPORPHYRIN I AND HEMO- 
GLOBIN DURING EMBRYONIC LIFE 


By FRITZ SCHONHEYDER 
(From the Hospital of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, January 24, 1938) 


The experiments reported in this communication concern the 
qualitative and quantitative measurement of the amount of 
coproporphyrin I and hemoglobin formed (as a measure of the 
Type IIL porphyrin) at intervals during the development of the 
chick embryo. 

The coexistence of Type | and Type III porphyrins has been 
shown in yeast (1), and in human beings (2-7) as well as in animals 
(8, 9). Fischer has discussed this fact (10), and has termed it 
“the dualism of the porphyrins.” Coproporphyrin I is produced 
and excreted under normal and most pathological conditions (7). 
The substance seems to play no functional réle in the body, how- 
ever, since the respiratory pigments hemoglobin, myoglobin, 
eytochrome ©, and catalase are all Type ILI porphyrin compounds. 
Fischer has certain experimental evidence which supports the 
view that Type I porphyrin is synthesized independently of 
Type III porphyrin (10, 11). He considers the production of 
the Type I compound to be an atavistic phenomenon (11). This 
view is supported by Borst and Konigsdérffer (12). Duesberg 
(13) believes that the coproporphyrin excreted in pernicious 
anemia is formed by a pathological activity of the bone marrow, 
whereas Schreus (14) believes that the coproporphyrin excreted 
in certain pathological conditions is the product of the action 
of intestinal bacteria. 

Dobriner and coworkers (4-8) have presented clinical and 
experimental studies which indicate that coproporphyrin I is a 
by-product of the synthesis of the Type III porphyrins, which in 
turn form the respiratory pigments. Their evidence indicates that 
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normally a constant ratio exists between the rates of production 
of the two types of compounds. ‘Their conclusions are in accord 
with the results of Rimington’s (9) studies on congenital bovine 
porphyria. All the experiments from which their conclusions 
have been drawn as to the proportional formation of Type I and 
Type III depend upon simultaneous changes in the rate of for- 
mation of both substances with induced changes in the rate of 
hematopoiesis. 

In order to study the biological relationship between Type I 
and Type III porphyrins, qualitative and quantitative tests for 
coproporphyrin have been made during the early phases of de- 
velopment of the chick embryo in order to ascertain whether 
coproporphyrin [ is present and if so whether it appears with the 
onset of hematopoietic activity. Furthermore, a study has been 
made as to whether a constant proportion exists between the 
amounts of Type I and Type III porphyrins produced. 

Relatively few studies of porphyrin formation in embryonic life 
have been made. Borst and Konigsdorffer (12) have demon- 
strated, by methods depending upon fluorescence, that copro- 
porphyrin is present in the bones of the human embryo of 4 
months. Giinther (15) found coproporphyrin in the meconium 
of fetuses of 4 to6 months and Stockvis (16) found coproporphyrin 
in large amounts in the meconium after birth. Waldenstrém 
(17) identified the coproporphyrin in the meconium as Type I. 
Frankel (18) and Borst and IK6nigsdorffer (12) state that the 
placenta is impermeable to porphyrins, and hence assume that the 
ecoproporphyrin found in the embryo is an endogenous product. 
Fikentscher (19) states that the serum of a human fetus of 4 to 6 
months of age contams 8 to 10 micrograms of coproporphyrin per 
100 ec. The same author found coproporphyrin in amniotic fluid 
(20). | 

Fischer and his coworkers (21, 22) showed that protoporphyrin 
Type III is present in the egg-shells of certain species. Klose and 
Almquist (23) showed that protoporphyrin is contained in the 
vitellin membrane of hen’s eggs. Van den Bergh and Grotepass 
have reported the presence of protoporphyrin in incubated eggs 
(24). No studies are available, however, concerning the presence 
of coproporphyrin in the hen’s egg. 

By employing the closed system of the egg any question as to an 
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exogenous source of coproporphyrin is eliminated, since experi- 
ments showed no detectable amount of that compound in the shell. 
The conversion of Type III] porphyrin, resulting from the break- 
down of erythrocytes, into the Type I compound was rendered 
unlikely by studying the period of embryonic development 
before any destruction of erythrocytes occurs, as shown by the 
absence of bile pigment. Sendju (25) found no bile pigment in 
chick embryos of 7 days incubation, whereas 0.2 mg. was present 
after 14 days. 


Methods 


Over 600 eggs were used in the experiment. ‘They were in- 
eubated at 388° in an ordinary bacteriological incubator. The 
shells were removed and used for measurement of the content of 
coproporphyrin I. The entire embryos were then removed and 
pooled and the coproporphyrin extracted quantitatively. The 
original publication should be consulted for details of the proce- 
dure (5,7). Extraction was repeated eight to ten times with large 
amounts of acetic acid and of ether. A photoelectric colorimeter 
was used for the quantitative measurements. A 1.0 mg. per cent 
solution of crystalline coproporphyrin I in 5 per cent HCl was 
used as a standard. This was supplied through the kindness of 
Professor Hans Fischer. After measurement all the solutions 
containing coproporphyrin were combined, and the coproporphyrin 
was esterified and repeatedly recrystallized. Determinations of 
the melting point were then made in order to identify absolutely 
the type of the coproporphyrin present (7). 

Determinations of the amount of hemoglobin in the eggs have 
been made essentially by the method described by Anson and 
Mirsky (26) for the measurement of heme in yeast. The em- 
bryonic areas were isolated from the eggs and combined. The 
hemoglobin was reduced and converted to pyridine-hemochromo- 
gen. To 1.0 ce. of egg yolk were added 3.0 cc. of distilled water, 
1.0 ec. of 0.2 N NaOH, 1.0 ec. of pyridine, and a trace of sodium 
sulfite. The solution was then examined by a hand spectroscope, 
the intensity of the a band being compared with the same band in 
solutions of embryo-free egg yolk containing an approximate 
known amount of hemoglobin. The amount of hemoglobin mixed 
with the egg yolk solution was measured from oxygen capacity 
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TABLE [ 


Coproporphyrin I of Chicken Embryo during Incubation 


Total amount of Coproporphyrin I 


Incubation period No. of eggs consonerphotin | Por 
days micrograms micrograms 
3 21 Trace Trace 
28 4] 1.4 
10 15 31.5 2.1 
1] 22 41.5 1.9 
13 17 65.0 3.8 
15 10 32.5 3.3 
16 1S 90 0 5.0 
17 13 59.0) 4.2 
18 42.0 2:3 
1S 46.9 o.1 
19 17 101.0 9.9 
20 14 94.5 6.8 
21 67.5 7.5 
Per chick 
25 1 day-old chickens*......... 165.0 6.6 


* Fasted. 
TaBLeE II 
Hemoglobin of Chicken Embryo during the First 10 Days of Incubation 


Incubation period Hemoglobin per embryo 

days mg. 

13 Trace 

3 

4 

2.0 

6 4.3 (3.9, 2.4, 4.8) 

8 15.7 (16.9, 14.2, 16.1) 
9 18.8 (18.1, 18.8, 19.5) 
10 21.3 (20.6, 22.0) 


Total blood hemoglobin* 


2 day-old chicken 180.0 
165.0 


* These values were obtained by bleeding the animal to death, at the 
same time injecting saline to obtain as much blood as possible. 
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determinations, each cc. of oxygen capacity representing approxi- 
mately 0.756 gm. of hemoglobin. 


Results 


The results of the quantitative measurements of the content of 
coproporphyrin | of chick embryos in various stages of develop- 
ment are shown in Table I. Table II presents the content in 
hemoglobin of chick embryos for each day of incubation up to the 
10th day, when, from the work of Sendju (25), it is known that 
bile pigment Is present. On the 3rd day traces of coproporphyrin 
I and a measurable amount of hemoglobin, 0.2 mg., are present. 
From the 3rd to the 9th day the hemoglobin increases rapidly to 
18.8 mg., and coincidentally the content of coproporphyrin I 
increases to 1.9 micrograms. Sendju’s (25) value for hemoglobin 
in the 7 day-old chick embryo of 7.5 mg. falls nearly on the curve. 
The same author found 141 mg. of hemoglobin in 19 day-old 
embryos. Studies of the total hemoglobin content of the embryos 
were not made past the 10th day, since a possible conversion of 
Type III porphyrin could not be excluded because of the presence 
of bile pigment. A steady increase in the amount of copropor- 
phyrin I present in each embryo was apparent, however, from 1.9 
micrograms on the 11th day to 7.5 micrograms on the 2Ist day. 
By bleeding 2 day-old chickens to death a minimum value of 170 
mg. for blood hemoglobin was obtained. 

Study of the content of the egg-shell during incubation showed 
no detectable amounts of coproporphyrin I. The coproporphyrin 
methyl ester was identified as coproporphyrin I by melting point 
determinations. After three recrystallizations the melting point 
was 234-236° and after the fourth, 250°. Coproporphyrin III 
was not obtained in any of the fractions. 


DISCUSSION 


The experimental results show that coproporphyrin I is present 
in the chick embryo and appears almost coincidentally with the 
Type III porphyrins of hemoglobin. An increased amount of 
Type II] porphyrin occurs with increased amount of copropor- 
phyrin I. Since egg-shells contain no detectable amounts of 
coproporphyrin I, any exogenous origin of the latter is impossible. 
It appears unlikely that coproporphyrin I can be derived by the 
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degradation of Type III porphyrins to simple pyrroles followed 
by a resynthesis of the latter into TypeI compounds. Noevidence 
of such a conversion is available. 

The analytical values for the amount of hemoglobin found are 
possibly too low as a measure of the quantity of protoporphyrin 
produced, since a part of the protoporphyrin may still not have 
been utilized for hemoglobin formation. If the total amount 
of free protoporphyrin were estimated, it would be necessary to 
deduct from the total the amount of porphyrin preexisting in the 
shell (protoporphyrin), which van den Bergh and Grotepass (24) 
have shown diffuses in from the shell during incubation. 

From the facts presented it is not possible to confirm the exist- 
ence of a constant ratio between the production of Type III 
porphyrin (determined as hemoglobin) and Type I copropor- 
phyrin, as suggested by Dobriner. It 1s perhaps possible, as 
indicated by Dobriner, that Type III and Type I porphyrins are 
produced simultaneously with coproporphyrin I as a by-product, 
but the data in this paper indicate that the two substances are 
produced by an independent synthesis, as suggested by Fischer. 


SUMMARY 

1. Coproporphyrin I appears in the developing chick embryo 
nearly coincidentally with the appearance of hemoglobin (Type 
porphyrin). 

2. The amount of coproporphyrin I increases with the increase 
of hemoglobin. 

3. Coproporphyrin I is derived neither from an exogenous 
source nor from converted Type III porphyrin. 

4. The quantitative relationship between the two types of 
porphyrins is discussed. 


The author is indebted to Dr. Konrad Dobriner for carrying 
out the crystallization and melting point determinations of the 
coproporphyrin I. 
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THE INTERACTION OF VITAMIN B, IN ENZYMIC 
REACTIONS 


By HENRY TAUBER 
(From the Research Laboratories of the McLeod Infirmary, 


Florence, South Carolina) 


(Received for publication, December 30, 1937) 


Recently I have reported the synthesis of cocarboxylase from 
vitamin B,; and orthophosphate by dry bakers’ yeast freed of 
natural cocarboxylase, and by a duodenal enzyme preparation 
(1, 2). Lohmann and Schuster (3) have isolated cocarboxylase 
in crystalline form from bottom veast. They found that co- 
carboxylase is a pyrophosphoric ester of vitamin B,; (4). Simul- 
taneously and independently of my report (1), there appeared 
preliminary notes on the enzymic synthesis of cocarboxylase by 
von Euler and Vestin (5) and by Kinnersley and Peters (6). 
These investigators used untreated yeast as the source of enzyme 
material. 

Confirming the work of Lohmann and Schuster, Stern and 
Hofer (7) synthesized cocarboxylase from vitamin B,; and POCIs, 
showing by cataphoretic experiments that esterification of the 
vitamin took place and that cocarboxylase is a diphosphorie ester 
of vitamin By. 

Because of the important réle that cocarboxylase plays in 
carbohydrate metabolism, e.g. in the decarboxylation and dehy- 
drogenation of pyruvic acid, I have continued the studies on 
cocarboxylase. Conditions for synthesis by the duodenal enzyme 
preparation have been studied and an attempt has been made at 
isolation of the ester in the pure state. The enzymic hydrolysis of 
the coenzyme has also been investigated and correlated by feeding 
experiments with vitamin B,. 

EXPERIMENTAL 
Preparation of Materials 

Dry Duodenal Mucosa—Pig duodenum was thoroughly washed 

with large quantities of tap water and then with hot distilled 
499 
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water. The mucosa was scraped off, minced, and extracted three 
times with 7 times its weight of acetone, each extraction being 
carried out by shaking the mixtere for 10 minutes in an Erlenmeyer 
flask. ‘The defatted mucosa was dried overnight at room tempers- 
ture, and ground to a fine powder. 

Dry Yeast—200 gm. of Fleischmann’s yeast were spread out on 
a glass plate and dried at 38° in a current of air. ‘The drying was 
complete in 4 hours. If a drying apparatus is not available, the 
yeast may be dried at room temperature. ‘The drying will then 
require from 3 to 4 days. The dry yeast was placed in a flask and 
stored in a refrigerator. It keeps for many months without 
losing its carboxylase or cocarboxylase activity. 

Cocarboxrylase-Free Dry Yeast--The following method for pre- 
paring cocarboxylase-free yeast is a modification of the procedure 
of Lohmann and Schuster (3); their method does not yield a 
carboxylase preparation completely free of cocarboxylase. 

2 gm. of dry yeast were placed in a 250 ec. centrifuge flask. 
100 cc. of 0.1 M NaeHPO, (at room temperature) were added. 
The flask was stoppered and shaken by hand for 12 minutes. The 
mixture was centrifuged and the supernatant fluid discarded. 
The washing with the phosphate solution was repeated once more 
for 12 minutes. Then the yeast was washed once with 100 ee. 
of distilled water by shaking for 3 minutes. The washed yeast 
was then suspended in 20 cc. of Sérensen’s phosphate of pH 6.2 
and was used in the following experiments as the cocarboxylase- 
free carboxylase. It may be seen from the first experiment of 
Table III that it contains no cocarboxylase when tested with the 
pyruvate solution. 

Pyruvate Solution— A solution of sodium pyruvate containing 10 
mg. of pyruvic acid and 0.2 mg. of magnesium as MgCl, per ec. 
was prepared and adjusted to pH 6.2 with NaOH. 

Estimation of Cocarboxylase Activity— The arrangements were 
similar to those of Lohmann and Schuster (3). The Warburg- 
Barcroft apparatus was employed. The temperature was 35°. 
0.5 ec. of the pyruvate solution was placed in the side arm. 


Synthesis of Cocarborylase by Duodenal Enzyme Preparation under 
Various Conditions 


Experiment 1—1 gm. of duodenal enzyme preparation was 
placed in a sterile 125 cc. Erlenmeyer flask and 19 ce. of distilled 
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water and 10 mg. of vitamin B,; (Merck’s synthetic) in 1 ee. of 
distilled water were added. The various flasks were stoppered 
with cotton and incubated at 33° for 20 hours. This and the 
samples to follow were then boiled for 4 minutes and filtered. 
The solutions employed in these experiments were sterilized by 
filtration through a Berkefeld (bacterial) filterand as far as it was 
possible sterile conditions were maintained. 

Experiment 2—In this experiment 19 ec. of Sérensen’s orthophos- 
phate of pH 6.8 were employed. Other conditions were the same 
as in Experiment 1. 

Experiment 3— This sample, containing 19 ec. of phosphate of 
pH 6.8, 1 gm. of duodenal enzyme preparation, and 10 mg. of 
vitamin B,, was adjusted to pH 9.5 with sodium hydroxide. 
After 20 hours at 33° the pH of the sample changed to 8.2 owing to 
autolysis. 

Experiment 4 This experiment was similar to Experiment 3; 
the sample was adjusted, however, to pH 8.2 and remained so 
after 20 hours. 

Experiment 5 —In this control experiment 19 ec. of orthophos- 
phate of pH 6.8 and 1 gm. of duodenal enzyme preparation were 
used. The vitamin was added only after 20 hours at 33° and 
then the mixture was boiled for 4 minutes, filtered, and tested 
together with the other samples. 

The results of these experiments are incorporated in Table I. 
It may be seen that there is considerable cocarboxylase synthesis 
on both sides of the pH seale, as well as in the absence of phos- 
phate. It appears that the autolyzing tissue furnishes enough 
phosphate ions for esterification. The optimum of the reaction is 
at pH 6.8. 

The active cocarboxylase solutions were adjusted to pH 6.2, 
filtered through a porcelain bacterial filter, and stored in sterile 
containers. Bacteria destroy cocarboxylase. Cell poisons, such 
as toluene, chloroform, ete., completely inhibit the action of the 
enzyme phosphatese. Glycerol has a similar action. Bacteria- 
free cocarboxylase is very stable. It may be preserved with tolu- 
ene. Traces of toluene have no effect on the enzyme carboxylase. 

Similar experiments were carried out with 1 mg. of MgSQ,, 
10 mg. of calcium hexosediphosphate, and sodium pyrophosphate. 
None of these substances, however, had any effect on the synthesis 
of cocarboxylase. 
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Purification of Cocarborylase 


To 100 ce. of cocarboxylase solution obtained by synthesis from 
the duodenal enzyme preparation (Table I, Experiment 1), 50 ee. 
of a 4 per cent neutral lead acetate solution were added. The 
mixture was centrifuged and the supernatant fluid discarded, 


The precipitate was suspended in 40 cc. of distilled water, HS was | 
passed through, and the lead sulfide was centrifuged off. The | 
HS and all the fluid were removed in a vacuum at room tempera. 


ture. The dry residue was dissolved in 0.1 N HCI adjusted to 
pH 6.2 with ~ NaOH and the insoluble impurities were centri 
fuged off. 


TABLE 


Showing Phosphorylation of Vitamin B, at Various pH Values 


Experiment No. CO, in 20 min. CO, in 40 min. pH 
110 166 6.55 (H,0) 
130 200) 6.8 
3 60 105 9.5-8.2 
4 RS 150 8.15 


Orthophosphate was used in Experiments 2 to 5. In all manometric 
tests described in this paper | cc. of washed dry veast in phosphate of pH 
6.2 and the solutions to be tested for cocarboxylase activity were placed in 
the main compartment of the Warburg vessels. In each experiment 0.4 
ec. of cocarboxylase was used. 0.5cc. of sodium pyruvate (5 mg. of pyruvic 
acid containing 0.1 mg. of magnesium as MgCl.) was emploved as 4 
substrate and placed in the side arm of the vessels. HO was added 
to make a total of 3ec. The temperature was 35°. 


While all pigments and most impurities are removed by this — 


procedure, the product is not pure yet. 
Properties of Purified Cocarborylase-—The purified cocarboxylase 
may be oxidized to thiochrome by sodium hydroxide and ferr- 


eyanide. It is hydrolyzed and inactivated when boiled with ¥ | 
HCl for 10 minutes. It is also hydrolyzed by kidney tissue but 


not by the duodenal enzyme preparation. Addition of the duo- 
denal enzyme preparation to the purified cocarboxylase and I 
cubation for 24 hours at 38° at various hydrogen ion concentra- 
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tions do not inactivate the coenzyme. On the contrary, if the 
samples contained unphosphorylated vitamin B;, an increase in 
cocarboxylase activity took place. Nor did hydrolysis occur when 
MgSO, (10 mg. per 20 cc. and per gm. of mucosa preparation) 
was added to the samples at various hydrogen ion concentrations. 


Hydrolysis of Cocarboxrylase by Kidney Tissue 


Since the duodenal enzyme preparation does not hydrolyze 
cocarboxylase, even in the absence of phosphate which is known to 
inhibit phosphatolysis, and because the ingestion of large amounts 
of vitamin B,; does not result in cocarboxylase excretion (see 
below), kidney tissue was employed. 

Sample A—5 ec. of cocarboxylase (synthesized in H.O), 10 mg. 
of MgSO, (in 1 ec. of H.O), 5 ce. of distilled water, and 4 gm. of 
beef kidney tissue minced three times were placed in a 50 ce. 
Erlenmeyer flask. 

Sample B—This flask contained 5 ce. of the cocarboxylase 
and 10 mg. of MgSO, only. 

Sample C—-In this flask were placed 4 gm. of the minced kidney 
tissue in 5 ce. of distilled water. 

Sample D-——This sample contained 4 gm. of kidney tissue in 10 
ec. of water and 10 mg. of MgSO,. 

The four samples were kept at 38° for 33 hours. At the end of 
incubation Samples B and C were mixed, boiled for 4 minutes, and 
centrifuged. This mixture served as a control and was compared 
with Samples A and D after they were boiled for 4 minutes and 
centrifuged. 

It may be seen from Experiment 1 of Table II that kidney 
tissue hydrolyzed more than 50 per cent of the cocarboxylase in 
33 hours at 38°. The kidney tissue itself showed no cocarboxylase 
activity under the conditions of the experiment (Sample D). 

It should be noted that there is no direct proportionality be- 
tween cocarboxylase concentration (activity) and CO, formation 
(see Table III). The decarboxylation of pyruvic acid is not 
governed by the cocarboxylase. If the cocarboxylase concen- 
tration is increased 3 times, COz formation is only doubled after 
the first 15 minutes of the experiment. This corroborates the 
findings of others (3). : 
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Ingestion of Large Quantities of Vitamin B, and Its Excretion 


In order to find out whether the ingestion of large quantities of 
vitamin B, results in the excretion of the pyrophosphate, 50 mg. 
(10,000 international units) of vitamin B, in 250 cc. of water were 
ingested by three healthy men about 50 kilos in body weight. 
No ill effects were observed. The taste and odor of the vitamin, 


TaBLe II 
Showing Hydrolysis of Cocarboxrylase by Kidney Tissue 
Temperature 38°. After 3} hours all samples were boiled for 4 minutes, 
filtered, and tested for cocarboxylase activity. 


Experiment | CO: in 20 CO: in 40 


No. | min. min. 
C.mm., c.mm., 
0.5 ce. filtrate, boiled Sample A contain- 48 | 78 
ing 5ec. cocarboxylase, 5ecc. H2O, and 
4gm. kidney tissue | 
2 0.5cce. filtrate, mixture of Sample B con- 83 130 


taining 5 cc. cocarboxylase, and Sam- 

ple C containing 5 cc. H,O and 4 gm. 

kidney tissue; both samples kept 

- separate at 38° and mixed after 33 hrs. 

3 0.5cec. filtrate, boiled Sample Deontain- —2 —3 
ing 4 gm. kidney tissue in 10 ce. H,O | 


TaBLeE III 


Showing Effect of Increasing Amounts of Cocarboxrylase 


Cocarboxylase added | CO: in 15 min. CO: in 25 min. | CO: in 35 min. 
ce. | c.mm, c.mm, c.mm, 
None | | —2 
0.3 | 27 44 | 51 
0.6 40 60 | 78 


0.9 | 53 76 ) 89 


however, were noticed for many hours. The vitamin appeared 
suddenly in the urine, most of it being excreted at one time. The 
following details will illustrate the observation. In one of the 
three subjects studied the vitamin appeared 2 hours after ingestion 
and was mostly excreted within 7 hours. In the second case the 
vitamin appeared in the urine 5 hours after ingestion, with max? 
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mum excretion between 8 and 17 hours. In the third case, how- 
ever, the vitamin was excreted only after 24 hours, when it ap- 
peared in high concentration for the next 4 hours.! 

The various samples of urine were adjusted to pH 6.2 and tested 
for cocarboxylase activity. They were all inactive. The test for 
cocarboxylase is a very sensitive one, as fractions of a microgram 
may readily be detected. Apparently the kidneys dephosphory- 
late the vitamin before it is excreted. 

While no toxic effects were noticed following the ingestion of a 
single large dose of vitamin B,, Perla (8) has recently shown that 
continuous use of excessive amounts of vitamin B, has toxic 
effects on rats. 


DISCUSSION AND SUMMARY 


The experiments show that the duodenal enzyme preparation 
has the ability to convert vitamin B, into cocarboxylase (vitamin 
B.-pyrophosphate) under a variety of conditions. This enzyme 
preparation, however, cannot hydrolyze the coenzyme. It ap- 
pears that the phosphorylation is catalyzed by an enzyme or 
enzyme system, phosphatese, different from the phosphatases 
which cause hydrolysis of esters of phosphoric acid. Cocarboxy- 
lase, however, is rapidly hydrolyzed by kidney tissue and by 
boiling dilute HCI. 

Partial purification of the coenzyme had been obtained by pre- 
cipitating the vitamin B,-pyrophosphate in the form of its lead 
salt and liberation of the ester by H.S. 

Ingestion of large amounts of vitamin B, did not result in the 
excretion of the ester. Most of the vitamin appeared in the urine 
within a certain definite period. Obviously the kidneys dephos- 
phorylate the vitamin before it is removed. 

Improvements for the preparation of enzyme materials em- 
ployed have been described. 

While in plants much of the vitamin B, is present in the unphos- 
phorylated state (9), mammalian tissues contain all of the vitamin 
as the pyrophosphorie ester (10). Lipmann (10) has shown that 
in mammalian tissues cocarboxylase functions as the coenzyme 
for a specific pyruvic acid dehydrogenase. Thus the conversion 

‘Tam grateful to Dr. R. R. Williams and Dr. J. K. Cline for identifying 
the vitamin B, in the urine samples. 
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of vitamin B, to the active coenzyme (vitamin B,-pyrophosphate) 
appears to be of great physiological importance. 


I am indebted to Merck and Company, Inc., through the kind- 
ness of Dr. R. T. Major, for generous supplies of their synthetic 
vitamin By. 
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STREAM DOUBLE REFRACTION OF VIRUS PROTEINS 


By MAX A. LAUFFER anp W. M. STANLEY 


(From the Depariment of Animal and Plant Pathology of The Rockefeller 
Institute for Medical Research, Princeton) 


(Received for publication, January 20, 1938) 


Double refraction of flow was observed as early as 1874 by 
Maxwell (see Ambronn and Frey (1)) who showed that Canada 
balsam becomes optically anisotropic when it 1s stirred vigorously. 
Some years later Kundt found that gelatin sols show this phe- 
nomenon (1). Freundlich (7) observed that sols of vanadium 
pentoxide and of certain dyes show stream double refraction. 
He further pointed out that the particles of the vanadium pent- 
oxide sols are rod-shaped, and concluded that the double refraction 
was due to the orientation of the rod-shaped particles in the 
viscous stream. More recently, von Muralt and Edsall (13) have 
shown that myosin, the globulin of muscle, shows the phenomenon 
toa marked extent. Ovoglobulin and egg albumin gel, the latter 
at high pH values, have been reported by Boehm and Signer (5) 
to show stream double refraction. Takahashi and Rawlins (19) 
have reported that the juice expressed from tobacco plants in- 
fected with tobacco mosaic virus exhibited this property, and 
more recently they have shown that purified tobacco mosaic 
virus protein behaves similarly. Finally, other plant virus pro- 
teins, those of aucuba mosaic of tomato, enation mosaic of tomato, 
and Ainsworth’s cucumber mosaics Nos. 3 and 4, have been shown 
by Bawden and Pirie (2) to exhibit double refraction of flow. 
These workers regard all of these viruses as being related to that 
of tobacco mosaic. 

Because of Freundlich’s findings, Takahashi and Rawlins re- 
garded the double refraction of flow in tobacco mosaic virus 
solutions as being due to the orientation of asymmetrical particles, 
and, by a method which will be mentioned later, limited this to the 
onentation of rod-shaped particles. This interpretation of the 
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results has been followed in the publications of other workers, 
However, as will be seen in the next section, double refraction of 
flow may be the result of other causes than orientation of rods. 
Therefore, it was thought desirable to consider this question 
further and to extend the investigation to include other virus 
proteins and proteins known to be asymmetrical in shape. - 


Theory of Stream Double Refraction 


A doubly refracting or optically anisotropic body is one which is 
capable of transmitting light in such a manner that all of the 
electrical disturbances are distributed within two planes at mght 
angles to each other. A beam of light in which all of the electrical 
disturbances are in one plane is said to be plane-polarized. A 
doubly refracting crystal, then, is one which transmits light, part 
or all of which is polarized in one plane and the remainder of 
which is polarized in a plane at right angles to the first. A body 
which simultaneously transmits light polarized in two planes at 
right angles to each other is said to transmit elliptically polarized 
light. With the exception of the very special case where one of 
the transmission directions of the doubly refracting crystal coin- 
cides with the plane of polarization of the incident light, even 
originally plane-polarized light is changed to elliptically polarized 
light by anisotropic crystals. Elliptically polarized white light 
can never be completely extinguished by a nicol prism. There 
fore, when a doubly refracting crystal is placed between two 
crossed nicols, some light will be transmitted by the second nicol 
for every position of the doubly refracting crystal except those mn 
which one of the transmission planes is parallel to the plane of 


polarization of light from the first nicol. This effect will be ata — 
maximum when the crystal is rotated about the beam through an — 


angle of 45° from the position just mentioned. If a V2Os sol is 
caused to flow through a tube placed between two crossed _nicols 
in such a manner that the direction of flow is perpendicular to the 
path of the light traveling from polarizer to analyzer and makes an 
angle of 45° with the transmission plane of either nicol, that portion 
of the field intercepted by the capillary tube will appear to be 
illuminated, whereas the remainder of it will be dark. When flow 
ceases, the whole field becomes dark. 
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It is generally agreed that double refraction of flow in a solution 
may be due to one or more of three fundamental causes. The first 
possible cause lies in what is described as the ‘“‘photoelastic effect,”’ 
a discussion of which is given by Kunitz (11). When amorphous 
materials such as glass, celluloid, ete., are subjected to stresses, 
they become doubly refracting at points of strain. If a material 
must be deformed in order to make it flow, internal strains will 
develop and these can be the cause of double refraction. In this 
type of anisotropy, the effect should cease immediately after the 
stress is relieved. Highly viscous gel-like materials which exhibit 
double refraction of flow may be said to do so because of this 
photoelastic effect. 

The second possible cause lies in the orientation of rod-like or 
plate-like isotropic particles in the viscous stream. A mathe- 
matical discussion of this question is given by Kuhn (10). The 
case of a Suspension or solution of small needle-shaped bodies in a 
viscous medium flowing through a small capillary tube of circular 
cross-section may be considered. Those molecules of liquid 
which are adjacent to the walls of the tube will be at rest, while 
those in the center of the tube will be moving at the greatest 
velocity. There will be a velocity gradient in all radial directions. 
A needle-shaped particle oriented radially will have one end in a 
layer of greater velocity than the other. This will exert a torque 
on the particle, tending to orient it in a direction parallel to that 
of the flow. Tending to randomize the orientation will be the 
effect of Brownian movement. Increased length and increased 
weight of the needle-shaped particle will act to render this ran- 
domizing tendency less effective; z.e., the scatter of the actual 
orientation of individual particles about the mean orientation in 
the direction of flow will be reduced. Long, heavy rods should 
orient well in a flowing viscous medium, and in this case there 
should be an appreciable time interval between the cessation of 
streaming and the complete randomization of the rods. 

Wiener (20) (see also Ambronn and Frey (1)) has shown from a 
theoretical point of view that isotropic rods, small compared to 
the wave-length of light, oriented parallel to each other, and sus- 
pended in an isotropic medium of different refractive index, 
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constitute an optically anisotropic system. The following equa- | 


tion describes the double refraction of such a system 


VAN? N,*)?* 


(Vi+t1) N?2+ 


where N, and N, are the refractive indices for the extraordinary 
and the ordinary beams, and N; and N» the refractive indices of 


the rods and the medium, and V,; and V. the relative volumes of | 


the rods and of the medium, respectively. In the ease of a dilute 


suspension of rods (V2 = 1000 V,), with V; + V2 = 1, this equation | 


reduces to 
V,.VAN? — N,?)? 


N. — No) (N- N,) = 


* This equation is obtained from Equation 314, p. 581, of the paper by | 


Wiener (20). 


E, +- M(V;, E, V> 


where V, and V, refer to the relative volumes of the first and second com- 
ponents, #,, E,., and E,, refer to the dielectric constants of the first and 
second components, and of the whole system, respectively, and M isa 
factor whose magnitude depends upon the shape of the suspended par- 
ticles. If we are dealing with long thin isotropic rods oriented parallel 


in an isotropic medium, M approaches ~ for electric fields in a plane | 


parallel to the direction of orientation, and M approaches £), for fields 
in a plane perpendicular to that one. For parallel fields, En, = Vik, + 
V.E, = E,. For perpendicular fields 

(1+ V,)£, + — Vi)F: 


= —— FE, = E, 
(1 — + (1+ VIE: 


— 


+ (1+ VDE: 
With use of the relationship Vi + V2 = 1, 
E, — = (Vi VE; — E2)?)/((Vi + + V2 Ey) 


From the electromagnetic theory of light, N? = E. Substituting in the 
above equation, we obtain 


N2 — = (ViV2(N22 — N2?)2)/(Vi + N2? + V2 
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Since N, and N, are both large compared to the double refraction 
(VN. — N.), (Ve + N.) will not change appreciably even when 
(VY. — .V.) varies over a wide range. Therefore, we may write 
as a close approximation 


— N.?)? 
NG+A 


where A is a constant. Hence, the double refraction of a system 
involving the orientation of isotropic particles is, in the limiting 
ease, directly proportional to the relative volume and, therefore, 
the concentration of the rods suspended within the optical path. 
Double refraction of this sort must always be positive with the 
optic axis in the direction of streaming. 

The third possible cause of double refraction of flow lies in the 
orientation of doubly refracting rods or plates. Obviously, if 
anisotropic crystals are all oriented the same way in an isotropic 
medium, the whole optical effect will be additive and the system 
as a Whole will exhibit double refraction. In such a case too the 
double refraction of the suspension would be proportional to the 
concentration of the suspended particles. Furthermore, double 
refraction of the type discussed by Wiener would also obtain in 
such systems, so that the total double refraction would be the sum 
of two terms. When submicroscopic anisotropic particles revert 
to a state of random orientation, a statistical isotropy obtains, 
because the number of particles in the path of a very fine beam of 
ight is sufficiently large to insure practically complete com- 
pensation. 

In conjunction with this, it should be pointed out that, if the 
doubly refracting, randomly oriented crystals are of microscopic 
size or larger, one would not expect to obtain statistical isotropy 
in a system of small dimensions. The case of a suspension of 
anisotropic crystals of microscopic size in an isotropic medium 
contained in a vessel of volume IS, where / is the depth of the 
vessel and S is the area of a face perpendicular to the direction of 1, 
may be considered. This volume may be regarded as being com- 
posed of a great number of small volumes, each beingl dS. If 
light passes through the vessel in the direction of 1, we will find 
that for every element of volume / dS there will be a small residual 
double refraction. This will be realized because the number of 
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randomly oriented, doubly refracting erystals in the path of a 
beam of light of cross-section dS will not be great enough to insure 
absolute compensation at any instant of time. At any given 
time, each element of volume will behave like a crystal with its 
own value of double refraction and its own extinction directions, 
Placed between crossed Polaroid plates in such a manner that 
light will pass through the system in the direction of J, the whole 
system JS will appear to be doubly refracting, because scattered 
all through it will be doubly refracting elements, / dS, oriented so 
as to transmit light. In another instant some of these will no 
longer have the proper orientation, but others will have taken their 
place. If one rotates the polarizer and analyzer together about 
the beam, one will find no extinction directions, because extinction 
directions of the elements / dS are randomly distributed at any 
instant. For every element extinguished by rotating the analyzer 
and polarizer a new one will begin to transmit. We are dealing, 
then, with a system which is doubly refracting because at every 
instant of time it appears to transmit light when it is viewed with 
crossed Polaroid plates, but whose double refraction differs from 
that of a perfect calcite crystal because there are no extinction 
directions. | 

Freundlich (7) was able to show with the ultramicroscope that 
vanadium pentoxide particles are needle-shaped. Furthermore, 
Farwell (6) has recently shown that double refraction of flow in 
V2.0; sols persists for a short time even after the sol has passed 
from the end of the tube into the air. This means that the double 
refraction is not dependent upon the internal strains within the 
flowing material, and therefore eliminates the photoelastic effect 
as the sole cause of double refraction of flow in V2O; sols. Von 
Muralt and Edsall (13) have observed a time lag between cessation 
of streaming and assumption of the isotropic state in the case of 
muscle globulin. This, of course, would correspond to the time 
needed for complete randomization of rod-shaped particles. 
Takahashi and Rawlins (19) interpreted their observations to 
mean that the infective agent of the tobacco mosaic disease was 
composed of or associated with rod-shaped particles. They 
eliminated the possibility of their being plate-like particles by 
showing that the entire path of the flowing infective juice was 
anisotropic, whereas only the edges of the stream were anisotropic 
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when a suspension of plate-like particles (ferric oxide sol) was 
caused to flow. In the discussion of the data presented in this 
paper, further evidence for the proposed rod-like shape of tobacco 
mosaic virus protein particles will be considered. 


Method 


A good discussion of various methods of measuring stream 
double refraction is presented by von Muralt and Edsall (13). 
The method to be discussed in this paper is a modification of the 
one used by Takahashi and Rawlins (19). These workers simply 
eaused the liquid under investigation to flow through a capillary 
tube into a body of the same liquid on the stage of a polarizing 
microscope. The apparatus was so arranged that the end of the 
eapillary tube was in the optical field and that the direction of flow 
was at an angle of 45° to one of the two crossed nicol prisms. 
Their method was used for quantitative studies by merely diluting 
the material under investigation until double refraction of flow 
could no longer be detected by means of direct observation. The 
method here presented is in principle the same, but modified in 
detail so as to become almost entirely mechanical. Fig. 1 shows 
a picture diagram of the apparatus used. White light from an 
incandescent tungsten filament bulb is reflected into a polarizing 
nicol prism so fixed that its plane of polarization makes an angle 
of 45° with the plane of the paper. The emerging plane-polarized 
light passes through the substage condenser into the streaming 
cell, which consists of a piece of flat glass tubing whose internal 
dimensions are about | X 7 X 25mm. The tube is so arranged 
that the light must pass through 7 mm. of streaming liquid and 
that the direction of streaming is parallel to the plane of the paper. 
A small quantity of liquid (10 ce. or less) is foreed back and forth 
through the cell by a small air pump made from a hypodermic 
syringe and operated by a small electric motor whose angular 
velocity may be controlled with a rheostat. The light then 
passes through a low power objective into the microscope tube 
where it meets another nicol prism, the analyzer, whose plane of 
polarization is at right angles to that of the polarizer. That 
portion of the elliptically polarized light which is transmitted by 
the analyzer passes through an eyepiece lens and then strikes the 
cathode of a sensitive vacuum type photoelectric tube. As the 
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Photo-tube 


Western Electric— 
Photo-tube 5-A 
Shielded 


Enlarged section of 
streaming cell 


Gntrols & housing 
for vacuum tube 
Vacuum 

tube - 


General 
FP-S4 Light 


See wiring diagram 


Fic. 1. Diagrammatic picture of apparatus 
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Fic. 2. Wiring diagram of electrical circuit of apparatus 
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wiring diagram shown in Fig. 2 indicates, the current thus set 
up is allowed to leak through a resistor of 3 XK 108 ohms. The 
almost negligible current of 10~-° ampere would set up a potential 
difference of 0.3 volt across the resistor and would thereby alter 
the potential on the control grid of the vacuum tube by that 
amount. A very small fraction of this change is sufficient to cause 
a change in the plate current in a tube of the type employed. 
As the diagram indicates, changes in the plate current are detected 
by use of a box type galvanometer, sensitive to 0.025 microampere, 
in a bridge circuit. Seale deflections of the galvanometer during 
streaming are taken as a measure of the change in light flux caused 
by changing the system from an isotropic one to an anisotropic one. 

An inspection of Fig. 3 will show that the galvanometer de- 
flections are, in the lower concentration ranges, approximately 
proportional to the concentration of any given virus protein 
preparation. As may be seen from the theory of Wiener, the 
double refraction should be proportional to the concentration of 
rod-shaped particles in the low concentration regions. This leads 
one to believe that, as concentrations of virus protein approach 
zero, the galvanometer deflections are proportional to the actual 
double refraction of flow of the protein solutions. 

This linear relationship of galvanometer reading to protein con- 
centration is a very fortunate one, though entirely without theo- 
retical significance. It may be seen in Johannsen’s book (9) 
that for white light, 

= Yr? sine? 24 sine? = 

where J is the intensity of light transmitted by the analyzer, 
r; is the amplitude of a very small band of the incident beam 
of light of wave-length \;, @ is the angle between the plane of 
polarization of the polarizer and one of the transmission directions 
of the doubly refracting material, (N2— Nj) is the double refraction, 
and M is the thickness of the anisotropic body. The symbol = 
indicates that the intensities calculated for every portion of the 
spectrum by the above formula must be added together to get the 
total intensity, 7. It is obvious that J bears no readily predictable 
linear relationship to the double refraction, and therefore the 
approximate linear dependence of galvanometer deflection on 
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concentration of virus and, hence, on double refraction must be 
regarded as being fortuitous. 

The degree to which particles will be oriented will depend upon 
the rate of streaming. With a streaming system such as the one | 
here used, the maximum rate of shear is obtained when the pump | 
moves with just slightly greater than its minimum velocity. The 
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Fic. 3. Double refraction of flow of protein solutions le 
reason for this is obvious, for, if the pump is operated at too . 
great a rate, there will be very little actual movement of liquid. _ ; 
The speed of maximum shear is easily recognized as the speed of | 
maximum galvanometer deflection. This maximum is sufficiently — th 
broad that only very small errors result from the differences in vi 
pump velocities from reading to reading. | . 
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Presentation and Discussion of Results 


Takahashi and Rawlins (19) first reported that the juice ex- 
pressed from tobacco plants infected with tobacco mosaic virus 
showed double refraction of flow. That observation was repeated 
in this laboratory on juice expressed from plants previously 
frozen, ground, thawed, and then filtered through a celite filter. 
A similar observation was made on the juice of tobacco plants 
infected with the latent mosaic of potato. The double refraction 
of flow in this latter case was small compared to that of the juice 
of tobacco plants infected with tobacco mosaic virus, due prob- 
ably to the fact that the concentration of latent mosaic virus 
protein in infectious juice is quite low. No sample of juice from 
healthy plants was found to show double refraction of flow. This 
observation confirms the results reported by Bawden and Pirie 
(2), but is not in accord with the finding of Takahashi and Rawlins 
that juice from healthy plants does sometimes show the phe- 
nomenon. It must be remembered, however, that negative 
results mean only that the double refraction of flow was either 
absent or not great enough to be detected in the samples examined. 

It may be seen from Fig. 3 that all of the seven purified plant 
virus proteins studied show double refraction of flow. The 
solvent in all of these studies was 0.1 m phosphate buffer at pH 7. 
With the aid of an Ri; gypsum plate, the double refraction of a 
flowing solution of tobacco mosaic virus protein was found to be 
positive with the optic axis in the direction of flow. Those pro- 
teins on the list not previously reported which show double refrac- 
tion of flow are a protein isolated from Turkish tobacco plants 
infected with severe etch virus (16, 17), practically inactive at the 
time of measurement, the protein of the symptomless tobacco 
mosaic virus (Holmes) (8, 21), that of a mild strain of tobacco 
mosaic virus, that of tobacco ring spot virus (17), and that of the 
latent mosaic of potato virus! (12, 17). Two preparations of 
viruses affecting animals, the heavy protein material isolated from 
tissues diseased with the Shope papilloma virus! (4), and a purified 


1 It is a pleasure to acknowledge indebtedness to Dr. H. S. Loring for 
the latent mosaic virus protein, to Dr. J. W. Beard for the Shope papilloma 
virus protein, to Dr. C. V. Seastone for the vaccinia elementary bodies 
and Limulus hemocyanin, to Dr. A. Claude for the Limulus and Heliz 
hemocyanins, and to Dr. M. Heidelberger for the thyroglobulin used in 
these experiments. 
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suspension of elementary bodies of vaccinia! (14), did not show 
sufficient stream double refraction to be detected under the condi- 
tions of the experiment. The double refraction of flow of Limulus 
and Helix hemocyanins! and of hog thyroglobulin! is represented 
by the base-line in Fig. 3. After mcreasing the sensitivity of the 
apparatus so that 0.03 mg. of tobacco mosaic virus protein per 
ec. gave a reading of 3.5 mm. on the galvanometer scale, it was 
found that all three of the above materials showed double refrae- 
tion of flow. At this sensitivity, a Limulus hemocyanin solution 
containing 52.3 mg. of protein per ce. gave a reading of 1.5 to 2 
mm.; Helix hemocyanin at a concentration of 7.97 mg. per ce. 
gave a reading of 3 mm.; and hog thyroglobulin at a concentration 


TABLE 
Variations in Stream Double Refraction of Tobacco Mosaic Virus Proteins 


0.73 mg. of protein per ec. in 0.1 mM phosphate buffer at pH 7. 


Stream 
double Virus protein samples 
refraction 
1 25.7 | 2 yrs. old, chemically prepared, brown-colored 
2 20.7 | Recently chemically prepared, colorless 
3 14.8 | a ultracentrifuged, colorless 
4 | 2.2 3 times ultracentrifuged, brown-colored 
5 23 {} 4 
6 14.3 In supernatant of last centrifugation of Sample 5, 


colorless 


of 5.3 mg. per ce. gave a reading of about 1 mm. On a protein 
basis, these materials show the effect to the extent of about 
1/3000, 1/300, and 1/600, respectively, that of the tobacco mosaic 
virus protein. Dissymmetry constants of 1.3 and 1.5 have been 
assigned to Helix hemocyanin and thyroglobulin, respectively 
(18). These results are given to emphasize the great extent to 
which the plant virus proteins show this property. 

As may be seen from the results presented in Table I, the stream 
double refraction per unit concentration of tobacco mosaic virus 
protein varies considerably from preparation to preparation, 
apparently depending upon modifications in preparative technique. 
In Fig. 3 are given two curves for aucuba mosaic virus protein. 
Therefore, one;is hardly justified in attaching significance to the 
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relative slopes of the curves in Fig. 3. It is significant that all 
of the plant virus proteins examined do show double refraction of 
flow to a remarkable degree. 

Bawden and Pirie (2) have observed that inactivation of tobacco 
mosaic virus protein with x-rays or nitrous acid does not destroy 
the property of stream double refraction. In line with this 
observation, we have found that inactivation with formaldehyde 
and with hydrogen peroxide does not destroy this property of the 
virus proteins. Previously Wyckoff, Biscoe, and Stanley (21) 
and Stanley (15) had found that neither the sedimentation con- 
stant nor the ability of the tobacco mosaic virus protein to crystal- 
lize in needle-shaped crystals was changed by these treatments. 
This type of inactivation, then, does not seem to be associated 
with any profound change in the size and shape of the virus protein 
particles. 

As was pointed out earlier, double refraction of flow in virus 
protein solutions could possibly be attributed to (a) photoelastic 
effect, (b) orientation of isotropic or anisotropic rods, or (c) orien- 
tation of isotropic or anisotropic plates.2 The last possibility is 
easily ruled out by the approach used by Takahashi and Rawlins 
(19). We have observed, using the polarizing microscope, that 
the entire streams of all of the plant virus proteins considered 
in this study are doubly refracting. As was previously shown, 
if the stream double refraction were due to the orientation of 
isotropic or anisotropic plates, only the edges of the streams 
would show double refraction. 

Evidence has now been obtained that the photoelastic effect is 
not the sole cause of the double refraction in plant virus protein 
solutions, for, if it were, the viscosity should be an important 
factor. Actually, we have found that double refraction of flow 


? As was pointed out by Bear, Schmitt, and Young (3), the actual shape 
of the suspended particles could vary considerably from the ideal shapes 
considered by Wiener, and both rods and plates could approach ribbons in 
shape. Although the particles considered in this paper have been referred 
to consistently as rods, this designation should be interpreted as referring 
to any particles having one dimension considerably greater than the other 
two. Possibilities would include particles having elliptical, angular, or 
essentially flat cross-sections. The exact theoretical considerations for 
such possibilities have not been worked out, although Wiener’s theory 
should hold in a qualitative way. 
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can be detected in solutions so dilute that their viscosities do not 
differ appreciably from that of pure water. Although decreasing 
the pH of dilute tobacco mosaic virus protein solutions from 7 to 5 
‘auses a very marked increase in double refraction of flow, the 
relative viscosity increases but a few hundredths of its former 
value. Furthermore, when one works near the isoelectric point 
of the protein, the double refraction tends to decrease but slowly 
after streaming stops. This means that the anisotropy persists 
after the shearing strains have disappeared. This time lag could 
correspond to the time of randomization of oriented rods. It is 
in some ways analogous to the “relaxation times’? encountered in 
studies of the dielectric properties of protein solutions (22). How- 
ever, the most striking evidence against the possibility of the 
stream double refraction being due solely or even largely to the 
photoelastic effect is the fact that, when a solution of tobacco 
mosaic virus protein is allowed to flow from a pipette into the air, 
the double refraction persists for a time after the liquid leaves the 
end of the pipette. This is clearly shown in Fig. 4. A solution of 
tobacco mosaic virus protein in water containing 25 mg. of protein 
per cc. was allowed to flow into the air from the end of a 1 ee. 
pipette. It was photographed between two Polaroid plates, the 
planes of polarization of which made angles of 45° with the direc- 
tion of flow and 90° with each other. Fig. 5 is a photograph of 
the same system between “‘parallel’’ Polaroid plates. Here the 
anisotropic stream appears to be dark, because part of the 
elliptically polarized light is screened out by the analyzer. It 
should be noted that this experiment differs distinctly from those 
performed by Takahashi and Rawlins (19) and those performed 
by Bawden and Pirie (2), all of whom caused streams of virus 
solutions to flow into larger bodies of the same solutions. In such 
a case the shear is about the same after the stream has passed 
beyond the end of the pipette. However, when the liquid flows 
from a pipette into the air, the sheer beyond the end of the pipette 
is very greatly reduced, although not entirely eliminated (6). 
The fact that the double refraction disappears but slowly when the 
shear drops off abruptly eliminates the photoelastic effect as the 
sole cause of the double refraction. The rod theory serves well to 
explain the results, for the rods, oriented in the viscous streams, 
require a certain time in which to revert to the random state after 
the orienting force is greatly reduced. 
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hic. 4. Doubly refracting stream of tobacco mosaic virus protein solu- 
tion flowing from the end of a pipette, photographed between crossed 
Polaroid plates arranged so that each vibration direction of the Polaroid 
plates makes an angle of 45° with the direction of flow. Photograph by 
J. A. Carlile. 

hic. 5. Same system asin Fig. 4 photographed between parallel Polaroid 
plates. The doubly refracting stream appears to be darker than the back- 
ground in this case. Photograph by J. A. Carlile. 

Fic. 6. A tube of tobacco mosaic virus protein solution which, upon 
standing, has separated into two lavers. The photograph, taken with the 
uid of crossed Polaroid plates, shows that the bottom layer material is 
spontaneously doubly refracting, whereas the top layer material is not 
spontaneously doubly refracting. Double refraction of flow is shown by 
the proteins in both layers. Photograph by J. A. Carlile. 

Fic. 7. The same svstem as in Fig. 6 taken between parallel Polaroid 
plates. The intensity of the light transmitted by the bottom layer is 
about the same as in the ease represented in Fig. 6. Photograph by J. A 
Carlile, 
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622 Stream Double Retraction 
Bawden and Pirie (2) pointed out that, upon standing, rela- 
lively concentrated tobacco mosaic virus protem solutions separate 
Into two lavers, the bottom one of which is spontaneously bire- 
fringent. This behavior, they believe, means that the virus 
particles are rods, and that, when their concentration m the botton 
laver becomes so great that they lose their ability to rotate about 
their diameters, they become spontaneously oriented parallel to 
each other. The observation of this phenomenon has been con- 
firmed in this laboratory. Fig. 61s a picture of a tube contaiming 
ultracentrifugally isolated tobacco mosaic virus protein in a con- 
centration of about 60 mg. per ec., photographed between crossed 
Polaroid plates. The two layers are clearly differentiated, the 
lower one showing double refraction and the upper one being 
isotropic. The only treatment this protein received Was storage 
for several weeks at O°. Fig. 7 is a photograph of the same tube 
taken through “parallel”? Polaroid plates. Bawden and Pirie (2) 
found the bottom layer to contain the higher concentration. of 
protein and obtained no significant difference in infectivity of the 
two layers as measured on a protem basis. They deseribed the 
bottom layer as consisting of ‘a three-dimensional mosaic of 
regions arranged at random to each other, but in each of which all 
the rod-shaped particles will he approximately parallel’ (2). 
We have found that if a small quantity of bottom layer material 
is removed, placed on a slide, covered with a cover-slip, and ex- 
amined with a polarizing microscope, the field appears to be a 
two-dimensional mosaic of doubly refracting areas oriented in 
different directions. If one rotates the shde through 45°, areas 
previously dark appear light, and conversely. This is typical 
double refraction. Top layer material, whieh does not exhibit 
spontaneous double refraction, shows no double refraction when 
examined in a similar manner with the polarizing microscope. 
Bawden and Pirie (2) made essentially the same observation as 
that just deseribed, and apparently this is their reason for con- 
sidering the bottom layer a three-dimensional mosaic. If this is 
a true picture of the condition of the bottom layer, it is entirely 
analogous to a suspension of doubly refracting crystals of mucro- 
scopic size in an isotropic medium. We actually find that, as 
one rotates the polarizer and crossed analyzer about the beam 
of light passing through the bottom layer, no change in light 
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intensity detectable to the eye is observed. The bottom layer as 
a whole, then, exhibits a special type of double refraction, inasmuch 
as it has no extinction directions. 

It is interesting to observe that a suspension of small tobacco 
mosaic virus protein crystals contained in a test-tube shows the 
same behavior between crossed Polaroid plates as the bottom 
layer Just described. Furthermore, ordinary solutions of tobacco 
mosaic virus protein, which do not show spontaneous double 
refraction in the unaltered state (see Figs. 6 and 7, top layer), 
do show this same special type of double refraction when acidified 
to the isoelectric range or when treated with 10 per cent (NH4).SO, 
and acetic acid. All of this may be interpreted to mean that the 
crystals of the tobacco mosaic virus protein are in themselves 
doubly refracting. However, this reveals nothing about the 
state of refraction of the virus protein molecules in solution. No 
evidence has been obtained from these studies which would allow 
one to decide whether the native virus protein molecules are 
isotropic or anisotropic. 

The interpretation of the negative results obtained in the cases 
of the protein of the Shope papilloma virus and the elementary 
bodies of vaccinia must be considered. Negative results mean 
that the double refraction of the system is either zero or some value 
too small to be detected by the method employed. This may 
obtain with particles which are not sufficiently asymmetrical 
to be oriented appreciably in a viscous stream in which the shear 
issmall, The elementary bodies, which are quite large, have been 
photographed and appear to be fairly symmetrical. Very small 
particles, on the other hand, regardless of the degree of asymmetry, 
can be oriented only by very strong mechanical fields because of 
the tendency to become randomized again owing to Brownian 
movement. Another possibility, however, exists which would 
account for low or unmeasurable values of stream double refrac- 
tion. A consideration of Wiener’s theory reveals that in the case 
of isotropic asymmetrical particles, low or even undetectable 
values of double refraction of flow will obtain if the index of 
refraction of the particles approaches that of the suspension 
medium. Failure to detect double refraction of flow in solutions 
or suspensions cannot be regarded as proof that the suspended 
particles or dissolved molecules are symmetrical. 
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SUMMARY 


A micromethod for the quantitative comparison of the double 
refraction of flow of different materials has been described. 
Purified proteins isolated from tobacco plants infected with the 
following diseases were found to show the phenomenon of double 
refraction of flow: tobacco mosaic, aucuba mosaic of tomato, 
severe etch, tobacco ring spot, latent mosaic of potato, Holmes’ 
masked tobacco mosaic, and a mild tobacco mosaic. Elementary 
bodies of vaccinia and the Shope papilloma virus protein were not 
found to show stream double refraction. Limulus and Helix 
hemocyanin and hog thyroglobulin were found to show a small 
amount of double refraction of flow when concentrated solutions 
were used. 

The double refraction of flow in tobacco mosaic virus protein 
solutions appears to be due to the orientation of rods rather than 
to the photoelastic effect, for the phenomenon is observed in 
solutions of relatively low viscosity, and there is no direct rela- 
tionship between change in viscosity and change in stream double 
refraction. Furthermore, a time lag in the disappearance of 
double refraction was observed after the cessation of streaming, 
especially in systems near the isoelectric point. Double refraction 
was also found to persist after a stream of virus solution was 
allowed to pass from a pipette into the air, thus showing that the 
double refraction is not directly dependent upon shear, and hence 
that it is not due to the photoelastic effect. 

Upon standing, relatively concentrated solutions of tobacco 
mosaic virus protein were found to separate into two layers, the 
bottom one of which is spontaneously doubly refracting. This 
confirms the observations previously reported by Bawden and 
Pirie. 
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THE INTERMEDIATE FORMS OF OXIDATION-REDUC- 
TION OF THE FLAVINS 


By LEONOR MICHAELIS anno G. SCHWARZENBACH* 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, January 18, 1938) 
Present Stage of Knowledge of Quinhydrone of Lactoflavin 


If the term quinhydrone is used only to characterize the level of 
oxidation, the details of the structure or molecular size being dis- 
regarded, a quinhydrone in the dissolved state may be said to be 
capable of existence at least in two forms, either as a semiquinone 
radical, or as a valence-saturated dimeric compound. In a 
series of former papers concerned with a great variety of dye- 
stuffs, only the radical could be shown to exist. In a recent 
paper, however, with a suitable dyestuff as a model (1), the co- 
existence of the two forms in equilibrium could be demonstrated. 
The proof depended on the comparison of the titration curves 
obtained with varied concentrations of the dye. These observa- 
tions challenge a reinvestigation of the nature of the quinhydrone 
of the flavin dyestuffs and especially lactoflavin, which has been 
shown capable of existence, in a previous paper (2). In this the 
quinhydrone was tacitly assumed to be a radical, in analogy to the 
many other cases investigated before. The experience with the 
phenanthrenequinone dye in the paper just mentioned makes a 
reinvestigation urgent. The task is to reinvestigate the shape of 
the titration curve at varied concentrations. The slight solubility 
of these dyestuffs seemed to make this task difficult. We have 
found, however, that accurate titration curves can be obtained 
even at very low concentrations of the dye and that it is therefore 
possible to vary the concentration widely in spite of the small 
solubility of the dye. These experiments will be presented in 
this paper. 


* Fellow of the Rockefeller Foundation. 
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528 Oxidation-Reduction of Flavins 


Another reason for a reinvestigation of the problem is an ob- 
servation by Kuhn and Strobele (3), concerning the multiplicity 
of the quinhydrone-like compounds in the flavin dyestuffs in the 
crystalline state, which will be discussed later on. 


Experiments 


The overcoming of the difficulty ensuing from the slight solu- 
bility of these substances, especially in the reduced state, is due 
to the following favorable properties of these dyes. They have the 
faculty of establishing quickly constant and reproducible poten- 
tials even at extremely low concentrations. Especially with 
lactoflavin the experiments could be carried out in_ solutions 
differing in concentration in the ratio of 20:1. In fact, our lowest 
concentration used is by far not that lower limit which would just 
allow the establishment of well reproducible potentials. The prac- 
tical limit is dictated only by the fact that the determination of 
the zero and end-points of titration can no longer be estimated 
with the desired precision, if the concentration is too low. The 
electromotive activity in the better poised region is quite remark- 
ably great even at concentrations of 10°° mole per liter. 

In the second place, since even the highest concentrations of the 
dye used in these experiments is very small (5.4 * 107-4 M), all 
difficulties concerned with maintenance of pH and ionic strength 
during any one titration are automatically eliminated, whereas 
in the case of phenanthrenequinone-3-sulfonate, the overcoming of 
these difficulties was a substantial part of the technique. A third 
fortunate circumstance is this: All changes which could be ex- 
pected from a variation of concentration were manifested within 
this very low concentration range obtainable. This was likewise 
not the case with the phenanthrene dye, in which the influence of 
concentration would have been entirely overlooked if we had been 
confined to such a low range of concentration. 

All experiments were reductive titrations with hydrosulfite, with 
the technique essentially as described before. To check the 
accuracy of the method, a series of titrations with the same tech- 
nique was performed with a number of freshly prepared perfectly 
pure dyestuffs of. the indophenol group, oxidative and reductive 
titrations (although not with hydrosulfite which would not be 
permissible with indophenols), about which we shall report on 
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another occasion. In all these control experiments the index 
potentials varied, at 30°, from 14.4 to 14.6 millivolts. Leaving it 
open for the time being, whether the discrepancy from the ex- 
pected value 14.3 is real or within the limits of error, we can at 
least say that the uncertainty amounts at most to 0.2 millivolt 
and usually less. 

The experiments were executed with glucoalloxazine and with 
riboflavin (lactoflavin), with the same samples synthesized in 
this laboratory as used for the previous experiments. One set of 
experiments was made at pH 4.62 (acetate buffer), another at pH 
6.92 (phosphate buffer). Here the constancy and reproducibility 
of the potentials are amazingly perfect A third was attempted 
at pH 9 (veronal buffer). However, here the potentials were not 
perfectly stable. ‘The drift was always towards the positive side. 
It was so slight that it would have been of minor importance 
for ordinary purposes. But it seemed risky to use these experi- 
ments for the calculations to follow in which an error of a few 
tenths of a millivolt entails noticeable consequences. In the 
experiments at lower pH all potentials were reproducible, with 
two platinum electrodes in the same vessel within less than 0.1 
millivolt and in duplicate experiments to at least 0.2 millivolt and 
usually even better. The change of pH due to the process of 
reduction is entirely negligible in the concentrations used. No 
other uncontrollable factor which might influence the pH was 
present. This was ascertained in some cases by measurements of 
pH of the solution before and after the titration experiment with 
the glass electrode. The change in total volume during the titra- 
tion never exceeded 4 per cent. 

The experiments for riboflavin at pH 6.92 are plotted in Fig. 1 
without any correction whatever. The symmetry around the 
mid-point is not strictly perfect. This must be attributed mainly 
to the uncertainty in the determination of the true zero point. 
This uncertainty is about 2 per cent and negligible for ordinary 
purposes; e.g., for the determination of the normal potentials 
or index potentials with a claim of accuracy within +0.2 millivolt. 
But for the potentials of the first quarter of the curve it may cause 
a distinct error. It would have been easy to apply small cor- 
rections by changing the zero point very slightly. Since such a 
procedure would be quite arbitrary, no corrections were applied 
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50 Lacto fiavin 
| pH=6.92 
C= 2.7x10° 
40t— C= 7414x107 
b 4 C-13.5%x10° 
c C= 16.9x10° 
d | do C= 27.1x10° 
30 e C= 349x10° 
f + C=544x10° 
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Fic. 1. Potential of lactoflavin for varied initial concentrations at pH 
6.92, plotted against equivalents of added reducing agent. 


potential is taken as zero point (30°). 
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at all. ‘he error involved in this small inaccuracy was recog- 
nized by not utilizing for the calculations of the constants the 
part of the curves too close to the zero point. The reason for the 
error in the zero point lies in the method employed consisting in 
titrating out the oxygen. ‘The ideal method would be to wash out 
the oxygen completely with nitrogen. On working with those 
low concentrations of the dye any trace of oxygen left would 
greatly interfere and its complete removal of bubbling with N, 
would take an unduly long time and yet be unsafe. The un- 
certainty of the end-point, however, is much smaller and entirely 


negligible. 


TABLE I 
Glucotsoallorazine at pH 6.87 and 4.62, at 30.0° 


Index potential 


pH | E'm 
x= 0.5 r= 1.5 
10-5 M 
6.87 4.5 15.2 15.2 —0.1595 
9.9 15.0 15.2 —0.1595 
15.2 15.2 —0.1593 
19.7 15.2 15.2 —0.1600 
20.58 15.15 15.2 —0.1955 
41.2 15.7 15.7 —Q.1950 
41.2 15.7 15.7 —0.1955 
4.62 9.5 15.2 15.1 .0522 
21.0 15.0 15.3 
40.2 15.3 15.6 —0.0514 


The results for glucoisoalloxazine are given in Table Il. The 
potential at 50 per cent reduction (when x = 1) is used as zero 
point for each curve. 


Calculation of Constants 


Glucoisoallorazine—It can be seen that in the case of gluco- 
isoalloxazine at pH 6.87, from the lowest concentration almost up 
to the highest, the index potentials have the constant value of 
15.2 millivolts. For glucoisoalloxazine the quinhydrone is there- 
fore present entirely in the radical form. Only at the highest 
concentration ean an indication for dimerization be found. From 
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the index potential, 2; = 15.2 millivolts, of the curves obtained 
at the lower concentrations we obtained the semiquinone formation 
constant k. 


= k = (A — (3/A))? = 0.0147 


where A = 10°°8 and s, r, and t are the molar concentrations of 
the semiquinone, the fully reduced, and the fully oxidized forms, 
As maximum ratio of semiquinone to total dye we find 

(s 9 = 0.057 
ax. 
From the index potential, #; = 15.7, at the highest concen- 
tration we can now calculate the dimerization constant 


d 
= 1.75 104 
The method of this calculation will be presented presently. 

The value of y can be, of course, only approximate. <A small 
change in the index potential causes a great alteration. The con- 
stant is given only to get an idea about the order of magnitude for 
comparison with the constant for riboflavin, which will be ealeu- 
lated with greater precision. 

Riboflavin (Lactoflavin)—The reduced form of riboflavin § has 
at pH 6.92 a solubility which is sufficient to reach a total concen- 
tration of 5.4 KX 10°4*m. This is higher than was anticipated to 
be possible, since the reduced form always appeared very little 
soluble. ‘The reason for the increased solubility of the reduced 
form is probably that, at this pH, the reduced form is present in 
two forms of acidic ionization in equilibrium with each other, on 
account of its pK = 6.2, according to the previous paper. This 
should increase the solubility. At this pH, all potentials are of an 
ideal constancy and reproducibility, except for the second half of 
the titration curve (Curve f, Fig. 1), for the highest concentration, 
where precipitation of the reduced form begins. For this par- 
ticular experiment, Fig. 1 shows only the first, reliable half of the 
curve. 

The experiments at the two lowest concentrations yield entirely 
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coinciding curves. ‘This shows that we have reached at these 
concentrations the limiting curve for infinite dilution, with an 
index potential of 16.8 millivolts. 

The curves for higher concentrations are distinctly displaced, 
and sufficiently so as to allow the calculation of the dimer dis- 
sociation constant. The theory of this calculation will be given 
ina way adapted to the situation, and somewhat different from 
the previous one (1). 

We have used, so far, only the index potential for the calculation 
of k. Since this value is a fundamental one for the calculation 
of the other constant, it is desirable to check it by using not only 
the potential at 25 per cent (or 75 per cent) reduction, as is done 
in the index potential method, but also other points of the curve. 
This can be done as follows: Let x be the equivalent amount of the 
reducing agent used per mole of the dye; then x varies during the 
titration from 0 to 2. Let ¢, s, r be the concentrations of the 
totally oxidized, the semiquinone, and the reduced form and a 
that of the total dye. Then we have for any point of the limiting 
curve 


r+s+t=a (1) 
s+ 2r = ra : (2) 
t E 
log - = 3 
0.030 
where E is the potential, referred to potential at « = 1 as zero 


pont. FE is positive in the first half and negative in the second 
half of this reductive titration. From these equations we obtain 


4) 

r=ax (N — 
N(1 — 

(N — 1) 

(N — 1) 

E 
where N = 10°". This gives all the data to calculate k = s?/rt 


for any point of the curve. The calculation in Table II has been 
carried out for eight points. 
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Proceeding now to the curves at higher concentration, we start 
with the assumption that the displacement is due to the formation 
of a dimeric compound. Let d be its concentration. Then we 
have for any point 

r+s+2d+t=a 


s + 2d + 2r = za 


t E 

r 0.03 
= k = 0.117 


From these equations one obtains 


xNX 
=axX] 


Ce 
ps | 


N- 1 

where N = 10°. These data are sufficient to calculate y = 
d/s* from any point of the curve. If we arrive at the same value 
of y irrespective of the point chosen, and of the particular curve, 
this is sufficient evidence that the distortion of these curves 1s 
really due only to the appearance of the dimeric form, and that 
no other molecular species of the kind to be discussed later on ks 
formed in these solutions to any noticeable amount. 

The dimeric compound may be also considered as a compound of 
1 molecule of the totally oxidized form, and 1 molecule of the 
reduced form. The constant of the equilibrium is 


the dimeric formation constant. 
For the calculation of the mean value of k the figures from the 
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points J and 2 (Fig. 1) have been neglected, because, as has beep 
mentioned before, the sources of error are much larger at the 
beginning of the curves. For the same reason the points / and? 
have not been used for the calculation of y. In the calculation 
of the mean value of y the figures derived from different curves 
have been given different weights: the value from Curve f, the 
weight 5; from Curve e, 4; Curve d, 3; Curve c, 2; Curve )b, the 
weight 1. This is justified, because the values become, with in. 
creasing concentration and increasing index potential, more and 
more accurate, as the figures show clearly. It is quite natural that 


Fic. 2. The maximum ratio of semiquinone to total dye (s/a), and of 
dimeric form to total dye (2d/a), plotted against the logarithm of the 
total concentration, for lactoflavin at pH 6.92. The bracket at the 
abscissa indicates the experimental concentration range; the dotted 
bracket, the physiologically occurring one. 


Curve b yields the lowest values for y. This is the effect of the 
assumption that the concentration of the dimeric form in Curve 
a is already low enough to consider it as infinitely small, which 3s, 
of course, only an approximation. 

From these data the diagram (Fig. 2) has been constructed, 
showing the ratio in which the dye exists in the semiquinone form, 
s/a; and the ratio in which the dye exists in the dimeric form, 
2d/a, in the mid-point of titration (at 7 = 1) where the concen- 
tration of the intermediate forms is maximal. For this calculation 
we start from any arbitrary value of r; this equals ¢; furthermore, 
s and d are calculated with the values of the two equilibrium 
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constants calculated above; then r + ¢ + s + 2d = a. The 
latter is plotted logarithmically. 

Another set of experiments has been carried out at pH 4.62. 
Here the reduced form of riboflavin is very sparingly soluble. 
The maximum concentration at which the titration can be carried 
out is 3 mg. in 50 ec. (1.2 X 10-4). Up to this concentration 
the variation of concentration causes no definite change of the 


TaBLeE III 
Riboflavin at pH 4.62, at 30.0° 


———--- - 


Index potentials 


Concentration of dye Em 
zr=0.5 r=1.5 

x 10°53 M 
2.0 15.7 15.9 .0968 
3.1 15.8 16.2 —0.0970 
4.9 15.5 15.5 —0.0958 
7.4 16.0 16.3 —0.0968 
12.3 15.9 16.1 —(0.0960 
18.5 


16.7 —0.0960 


index potential, as shown in Table III, the mean value being 16.0 
millivolts. Herefrom we obtain 


(s/a) = (0.10 


Max. , 


Improvement of Diagram of Three Normal Potentials 


In the previous paper, the diagram of the three normal poten- 
tials plotted against pH was derived from the assumption that the 
semiquinone formation constant was practically alike over the 
pH range from about 3 to at least 10. This constant was derived 
from an average value of the index potentials obtained over this 
whole pH range. Since we have now reached such a degree of 
accuracy that we need no longer rely on such an average value, we 
can improve this diagram. 

We start from the following argument. The semiquinone for- 
mation constant, k, and the difference of the normal potential of 
the higher step and that of the lower step, E; — E2, are as follows: 
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B, — EBs, mv..:...... 98 | 55.1 


Thus we have two points for the £; and £2 curves, one at pH 
4.62, the other for pH 6.92. These two points are the basis for 
the construction of the diagram (Fig. 3) with the principles de- 
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Fic. 3. The three normal potentials of lactoflavin plotted against pH, 
at 30°. E; normal potential of the system reduced + semioxidized, E, that 
of the system semioxidized + totally oxidized form, E,, that of the system 
reduced + totally oxidized form. k,, ks, k:, bends due to ionization con- 
stants of the three forms. The location of k,is only approximate because of 
the drifts of the potentials in this pH region. The small deviation of the 
points obtained for FE; and EF, at pH 7.9 from the theoretical, drawn out 
curves is accounted for in the text. 


veloped previously. It differs somewhat from the previous — 
diagram which was constructed from an average value of ). — 
The pK of the semiquinone has been displaced, from 8.0 to 6.0. — 
This causes convergence of the £; and FE. curves with increasing — 


pH, resulting in a crossing with the F,, curve at pH 8.2. Its 


now our task to check these curves interpolated and extrapolated 


from those two points experimentally for other points. For this 


reason further titrations were performed at such a low concen: | 
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tration of the dye as to obtain the limiting curve for infinite 
dilution. ‘These experiments were perfectly satisfactory and 
reproducible at pH 5.6 and 7.4. They yielded the points for EF; 
and EK. given in the diagram. At pH 7.70 and 7.75 the potentials 
were no longer strictly constant but showed a very slight drift in 
time, always towards the positive side. The drift was so slight 
that its influence on the normal potential, F,,, is not noticeable in 
a plot of the scale used, but it is liable to cause a slight error in 
E;. Owing to the drift, the whole curve is compressed along the 
potential axis. The observed E; becomes too small, and the 
distance from FE, to E, becomes too great. All these errors are 
verysmall. In fact, the distance — as calculated from the 
uncorrected index potential, is just a bit greater than the theo- 
retical plotting requires. The direction of this very slight but 
unmistakable error is in the expected direction. At higher pH 
the drift becomes greater and makes any accurate calculation 
useless. Nevertheless, at pH 9.0, where the drift was already 
quite appreciable, the index potential, as read from the uncor- 
rected curve, was 18.6, and we can be sure that the necessary cor- 
rection would amount to quite a number of millivolts; the value 
expected from Fig. 3 is 23 millivolts. This is at least compatible 
with the extrapolated curve. 

The potential drift in the alkaline region is obviously due to 
some irreversible alteration of the dye. It is not an effect of 
light, since all titrations were performed in the dark. The direc- 
tion of the drift suggests that it is always due to the de- 
struction of the reduced form. It is probably the destruction 
by alkali of the alloxan ring in the reduced form. It should be 
noticed that the pH limit for the perfect stability coincides with 
the pH limit in the living organism of higher animals, pH 7.5. 

From the data obtained we can calculate the maximum ratio of 
semiquinone to total dye at various pH values as follows (for 30°): 


OS ee eee 0.10 | 0.10 | 0.14 | 0.28 | 0.50 


For the physiological pH range, these values are distinctly higher 
than those given previously. It is a peculiar situation that a dye 
of the phenazine type, showing, of course, a wide separation of 
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the two steps of oxidation in very acid solution, should have, first 
in a very acid solution, and again in a very alkaline solution, such 
a wide separation of the steps. ‘This is due to acidic dissociation 
in the alloxan ring. 


Discussion of Influence of Conditions Other Than in Experiments 
Described 


If lactoflavin is not in homogeneous solution or if it is in com- 
bination with the specific protein, the situation is different from 
that in our experiments. Let us consider first the crystalline 
state. This is, if at all, comparable more to a highly concentrated 
solution than to a diluted one. So a high degree of dimerization 
may be expected in the crystals. In fact, Kuhn and Strébele 
found a paramagnetic susceptibility of less than one-tenth that 
expected for a free radical on measuring the crystalline chloro- 
flavin, which is on the oxidation level of the semiquinone, or its 


dimeric compound. For the crystalline state it may not be | 


appropriate to speak of a mixture of semiquinone and its dimer, 
but rather of a state intermediate between the two forms, a 
resonance between each pair of adjacent molecules in the crystal 
grating such that the molecular unit resembles a bimolecular 
more than a unimolecular structure. Such an idea is quite con- 


patible with the fact that the definition of molecular unit in the | 


crystalline state is ambiguous anyway. 


Kuhn’s verdoflavin, in contrast, which is supposed to be a com- | 
pound of IS + 17,' has a magnetic susceptibility half that of a 
free radical. These crystals may be said to consist of alternate — 


units of a radical and of the oxidized form, and adjacent molecules 
will resonate between these two forms. So we may imagine 4 
compound of 1 molecule of S with 1 molecule of T to be the molee- 
ular unit. This contains in any case 1 odd electron, and should 
show just the magnetic susceptibility observed by Kuhn and 
Strébele. 

These authors compare the number of subdivisions in the 
oxidation levels of lactoflavin with that of hemoglobin with its 
4 Fe atoms. This comparison does not seem significant, even 


1The reduced, semioxidized, and totally oxidized forms, each in its | 


simplest unimolecular form, are designated as R, S, and 7’. 
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though the fact that the one-fourth and the three-fourths quin- 
hydrones do not exist in solution be disregarded. For Kuhn 
himself assumes dissociation of these compounds in solution, and 
the arguments presented in the present paper rule out the exist- 
ence of any other compound than FR, 7, S, and D in solution. 
But even if there are compounds of all these intermediate levels, 
none of them can operate as an oxidizing or reducing agent of a 
valency less than 1. No molecule can detach or attach less than 1 
whole electron. In the case of a quadrinuclear iron complex the 
situation is different, as has been recently shown by Michaelis and 
Smythe (4). Here the 4 Fe atoms can each detach or attach a 
single electron in succession. Kuhn’s observations of the various 
intermediate states in the crystalline state will, however, keep its 
significance for the problem of the structure of crystalline quin- 
hydrones, for which ratios of the quinoid and the hydroquinoid 
forms different from 1:1 have been found on several occasions; 
for instance, 1:2 in a crystalline preparation of Wurster’s blue 
(Willstatter and Piccard (5)), or 2:5 in a erystalline quinhydrone 
of p-phenylenediamine + benzoquinone (Schlenk (6)). There 
is no evidence for their existence in solution. 

Proceeding to the combined state as it exists in the flavin- 
phosphate-protein compound, we can infer nothing from our 
investigations. All constants may be considerably shifted. Haas 
(7) has shown that the yellow enzyme, when reduced by triphos- 
phopyridine nucleotide (coenzyme), passes in a nearly neutral 
solution through a red intermediate state with the same absorption 
spectrum as the radical obtainable with the free lactoflavin only 
inextremely acid solution. If this be so, we may conclude that 
the semiquinone radical formation constant is greater for the 
flavin-enzyme than for the free lactoflavin, and that the electronic 
structure of the radical in combination with the protein and the co- 
enzyme resembles that of the free radical in extremely acid solution, 
where it isin combination with a proton. This consideration may 
give us the clue as to the place where the protein or the coenzyme 
is attached. Such a state of affairs is quite in line with the 
knowledge about the changes of characteristic properties of one 
and the same porphyrin compound according to whether it is free 
or combined with the one or the other specific protein. 
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SUMMARY 


The reductive titration curves for some alloxazine dyes, gluco- 
isoalloxazine and especially riboflavin (lactoflavin), have been 
reinvestigated, for varied pH values and for varied concen- 
trations of the dye. An analysis of the titration curves reveals 
that at low concentrations, including the concentration range 
occurring under physiological conditions, there 1s an intermediate 
form of reduction which is entirely represented by a free radical. 
The maximum ratio of this to the total dye is 0.10 at pH 4.62, and 
0.14 at pH 6.92, at 30°. In higher concentrations of the dye a 
partial dimerization of the radical to a bimolecular compound 
takes place, which can be accurately measured for lactoflavin at 
pH 6.92. The equilibrium constant of this dimerization is cal- 
culated. No other molecular species on an oxidation level between 
flavin and dihydroflavin can be detected in solution. On the basis 
of the experimental data the diagram of the three normal poten- 
tials against pH has been improved, as compared with that given 
previously. The conditions in the crystalline state, or in combina- 
tion with the specific proteins, are different from those in a simple 
and homogeneous aqueous solution of the dye and are discussed. 
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PROPERTIES OF HEMOGLOBIN AND PEPSIN IN 
SOLUTIONS OF UREA AND OTHER AMIDES* 


By JACINTO STEINHARDTT 


(From the Institute of Physical Chemistry, University of Upsala, Upsala, 
Sweden, and the Physiological Laboratory, University of Cambridge, 
Cambridge, England) 


(Received for publication, January 11, 1938) 


The occurrence of manyfold increases in the solubility of both 
native and denatured proteins in the presence of certain specific 
dissolved substances has been known since the observations of 
Spiro (53), Ramsden (49), and others. These large increases in 
solubility have received no satisfactory explanation, but the lytic 
effect of one of the most effective of these substances, urea, has 
been utilized in dissolving, or keeping in solution, denatured 
proteins (8), and for investigating the solution properties of 
proteins of low solubility (19, 31, 72). However, Burk and 
Greenberg (15) and Burk (13), who measured the osmotic pres- 
sures of several proteins at high concentrations by dissolving them 
in 6.66 m urea, deduced that while the molecular weight of oval- 
bumin was the same in the mixed solvent as in water the molec- 
ular weights of a number of others, including horse hemoglobin, 
were halved or even further lowered. The change in molecular 
weight for horse hemoglobin was confirmed by Wu and Yang 
(72), who showed that ox hemoglobin also dissociates in urea, but 
that the hemoglobins of sheep and dog do not. Similar changes 
in molecular weight in urea solutions have been described for 
myosin (70). Burk has pointed to the consistency of these ob- 
servations with protein dissociations which occur outside the 
“pH stability regions” in the ultracentrifugal investigations of 
Svedberg and his collaborators. 

* A preliminary account of this work appeared in Nature (54). 


t General Education Board Fellow. Present address, Harvard Medical 
School, Boston. 
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Burk and Greenberg likewise observed that their proteins 
became insoluble after removal of the urea, and, in the case of 
hemoglobin, suffered changes in the characteristic light absorp- 
tion. This observation appeared consistent with an earlier 
report (7) that this protein was denatured by concentrated urea. 
Wu and Yang also described their proteins as denatured, and con- 
cluded from the species differences observed that splitting and 
denaturation, though both may be brought about by urea, are 
distinct phenomena. 

The great chemical diversity in the substances influencing 
protein solubility suggests that their effects are not all of the 
same kind. Among them, glycerol and phenol are protein solvents 
even when unmixed with water; the latter was used in attempted 
protein molecular weight determinations even before urea-water 
mixtures (67, 25, 18). A third liquid, formamide, shares with 
urea its capacity to induce denaturation under certain conditions 
and, like urea, has a much greater effect on solubility than does 
glycerol or phenol, when all three are compared in low concen- 
trations. Sodium salicylate denatures at least one protein, 
methemoglobin (9), and is likewise effective as a small mole 
fraction of the total solvent. ‘The more moderate effect of amino 
acids can be quantitatively ascribed to the large dielectric constant 
increment which they contribute to the medium (33, 73, 17). 

The powerful solvent action of urea is shared by other amides, 
of which formamide, mentioned above, is only a single example. 
Almost equally great effects (on the solubility of crystalline pepsin) 
have been observed by the author with other substances contain 
ing an amide bond, acetamide and urethane.? It has been shown 
(30) that exposure of ovalbumin and serum proteins to substances 
containing an amide bond, in which 1 hydrogen atom on the 
nitrogen is unsubstituted, always produces characteristic changes 
in the reactivity of the protein sulfur. These changes are also 


1 It has been reported that urea increases the solubility of starch. Addi 
tion compounds with a large variety of both inorganic and organic sub- 
stances are known. In the present paper, urea is regarded as an amide on 
the basis of modern theories of valency and evidence from Raman spectra 
(personal communication from Dr. John T. Edsall). 

2 These solubility measurements are to be reported in another papert. 
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produced by all treatments which denature (23, 29). When both 
protein and amide are present in high concentrations, striking 
changes in physical properties sharp increases viscosity, 
precipitation on standing, or irreversible setting to a hard plastic 
form—are often observed. After removal of the amide by dialysis 
or dilution, denatured protein precipitates even when the amide 
solution has remained clear. These: observations, and others 
typical of denaturation (10), parallel so closely the effects of 
amides on solubility that a causal connection has come to be 
assumed. Anson and Mirsky’s equilibrium theory of denatura- 
tion (9) explicitly correlates the two phenomena by finding, in 
these effects on solubility, evidence for changes in activity co- 
efficients which bring about a shift in a postulated equilibrium 
between native and denatured forms. The mechanism of the 
inordinately large solubility or activity effect is itself left un- 
explained. 

The author’s observation of the effect of urea and other amides 
on the solubility of the crystalline protein, pepsin, draws atten- 
tion to the need for such an explanation, because here the phe- 
nomenon is uncomplicated by any possibility of denaturation. 
The specific activity of the enzyme, stored and measured in urea 
concentrations in which it is 10 times more soluble than in water, 
is quantitatively unchanged. Enzymic proteins are well suited 
for studies of this kind because they are characterized, in the 
native state, by highly specific kinetic properties, easily measured 
in the media under examination. In previous investigations the 
most common criterion of denaturation has been loss of solubility 
at the isoelectric point after the denaturing agent (which also 
keeps the denatured protein in solution) has been reduced in 
concentration by dilution or dialysis. ‘This criterion is unavoid- 
ably ambiguous, since it is impossible to distinguish between 
denaturation produced by the high concentration directly and 
denaturation brought about at the later stage of removal of the 
urea. In certain cases, as with hemoglobin and serum albumin, 
there is no doubt that the protein has undergone a distinct change 
while still in the urea, although, as will be shown here, it is not the 
effect usually called denaturation. In the case of pepsin the 
activity is unchanged while in urea and acetamide, and, under 
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certain conditions, even after subsequent precipitation.® Recently 
it has been shown (14) that with this protein exposure to urea 
‘auses no increase in the nitroprusside reaction. Nevertheless, 


true denaturation of pepsin is readily produced by alkali or by | 


heat, and very much higher concentrations of urea are required 


to bring this truly denatured inactive material into. solution | 


than were required to dissolve the active material originally, 
There is thus little reason for thinking of this protein as denatured 
while initially in urea. 


Because of these differences in the effect of urea on the dissocia- | 


tion, denaturation, and solubility of different proteins, it seemed 


very desirable to study the effect of amides on another protein | 


with readily measured specific properties. This requirement is 


fulfilled by horse hemoglobin: its capacity to combine reversibly — 


with oxygen and carbon monoxide is lost on denaturation, and a 
large literature describes transformations, characteristic of either 
the native or denatured state, which it can be made to undergo 


and which are readily followed by observations of the correspond- — 
ing changes in absorption spectra. The osmotic pressure meas-— 


urements on hemoglobin by Burk and Greenberg and Wu and 
Yang, the experimental basis of which has been criticized by 
Hand (22), furnished another incentive for the selection of this 
protein, since the results of these authors might indicate that the 
changes in solubility are merely one manifestation of molecular 
dissociation or of the forces inducing it. At the outset, therefore, 


measurements were made with both hemoglobin and pepsin by — 


the ultracentrifugal sedimentation velocity method of Svedberg, 


and the diffusion methods of Lamm and Polson (37), with a | 


number of other amides as well as urea. 


EXPERIMENTAL 


Hemoglobin-——Corpuscles were separated by centrifugation from 
freshly drawn defibrinated horse blood saturated with carbon 
monoxide. After repeated washing with CO-saturated 0.9 per 


8’ The author has crystallized pepsin directly out of acetamide solutions. 
Anson and Mirsky have observed that mixtures of active and inactive 
trypsin show the proper activity in urea solutions. However, they believe 
that urea prevents the reversal of inactivation of part, which would other- 
wise occur. 
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cent NaCl, they were stirred with 3 volumes of distilled water and 
1 volume of toluene, and left in the ice chest overnight. The 
hemoglobin solution, practically free of stromata, was decanted 
from under the toluene and electrodialyzed against cold distilled 
water for 3 hours, at temperatures below 15°. During this 
process considerable precipitation occurred as salt was removed. 
The resulting solution was filtered, resaturated with CO, and 
stored at 3-5° in small, steamed out glass-stoppered bottles filled 
to overflowing. Dry weight determinations indicated a hemo- 
globin content of 3.6 to 3.7 per cent; the conductivity of the stock 
solutions Was approximately 2 reciprocal ohms. Spectro- 
scopic examination showed normal CO bands which were con- 
verted to oxyhemoglobin bands by prolonged exposure to air in 
thin layers. 

Stock solutions, when kept cold, saturated with CQO, in un- 
opened bottles, remained unchanged for weeks. Bottles which 
had been repeatedly exposed to air but resaturated with gas 
sometimes contained a slight sediment, and showed the presence 
of a small amount of aggregated material in the sedimentation 
velocity diagram. ‘These bottles were discarded. No detectable 
trace of methemoglobin appeared in any of the material used. 
Thanks are due to Mr. K. Andersson for one of the two stock 
solutions used in these experiments. 

Before use, water and recrystallized KCI were added to the 
stock solution to make the final concentration of salt 0.1 mM (in 
two runs this was increased to 0.25Mm). ‘The final concentration 
of protein was varied according to the thickness of the centrifuge 
cell (2 or 3 mm.), between 0.45 and 0.65 gm. per 100cc. The 
diluted solutions, resaturated with CO, were used either imme- 
diately after mixing, or after storage at temperatures between 
0-25° for intervals of time up to 2 weeks. When amides were 
used, solutions made up gravimetrically, to the same concen- 
trations of protein and salt for measurements of partial specific 
volumes, were usually used in the other work. Owing to the 
requirement of sufficient refractive power, only the higher of the 


‘This concentration is considerably higher than would appear possible 
from an extrapolation of A. A. Green’s measurements of the solubility of 
hemoglobin at low salt concentrations; but it has been confirmed re- 
peatedly. 
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protein concentrations were used in diffusion measurements. 
The same protein and salt concentrations were used for the 
spectroscopic observations and gas-combining capacity measure- 
ments as in the measurements of molecular weight. This is 
necessary limitation, since 1t must be expected that a dissociation 
equilibrium will be a function of concentration as well as of 
medium; observations by Tiselius and Gross (66) and by Pedersen 
and Andersson (44) indicate that hemoglobin is appreciably dis- 
sociated in simple salt solutions at concentrations of protein 
below 0.4 per cent. The upper limit of concentration is fixed by 
the great light absorption of the protein at 546 mu, the wave- 
length used. The presence of salt is required to minimize the 
Donnan effect (65); the adequacy of the amount used is shown by 
the experiments with more than twice the usual concentration. 
Buffers were avoided because use of high concentrations of 
amides would require taking into account shifts in buffer equilib- 
ria caused by changes in the medium (Burk and Greenberg 
described such shifts, and attempted to allow for them). Hemo- 
globin in equilibrium with buffer at its isoelectric point in water 
may interact with the buffer in 40 per cent urea, if the buffer acid 
undergoes a change in strength in the new medium. In the 
absence of buffers, pure uncombined protein must remain uncom- 
bined and electrically neutral, since it is unlikely that the relative 
strengths of the carboxyl and imino or amino groups could be 
changed sufficiently for internal proton migration to occur. The 
narrow width of the pH stability region of this protein, with the 
isoelectric point narrowly inside its acid limit although near 
neutrality, made this precaution particularly desirable. pH meas- 
urement with both hydrogen and glass electrodes (found, pH 69 
to 7.0) showed that electrodialysis had brought the protein 
solution close to the isoelectric point. In concentrated amide 
solutions the pH can be given no precise significance, but the 
potentials found never differed by more than 4 millivolts from 
those obtained in simple salt solutions. The case of formamide 
is an exception to this statement and is discussed elsewhere. 
Pepsin—Three times crystallized enzyme was prepared accord- 
ing to Philpot’s method (46), and dissolved to saturation at 22° 
in 0.1 m KC] containing 0.002 m HCl. Repeated small portions 
of solvent were used with an excess of crystals, the first two por 
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tions being discarded. A practically constant solubility of 2.0 
gm. of pepsin per liter was obtained for several successive equili- 
brations, the activity of diluted aliquots being used as the method 
of analysis (55). On 4-fold dilution with solvent, sufficient light 
absorption remained for use in the centrifuge with a 12 mm. cell. 

These solutions were stored at 3° until used (1 to 15 days) 
with no appreciable loss of activity. The sedimentation velocity 
diagram showed that 20 per cent of the light absorption was caused 
by relatively non-centrifugable material. This fraction, pre- 
viously noted by Philpot, corresponds to the appreciable amount of 
“non-protein nitrogen’? which is found in all such acid pepsin 
solutions, and which increases only very slowly in the cold (55). 
Most of the runs were made -with diluted stock solutions dialyzed 
in the cold in narrow cellophane tubing for 2 days against 0.1 
uw KCl, 0.002 m HCl. The non-centrifugable light absorption 
decreased, but a part, from 6 to 14 per cent, remained. 

The final concentration of enzyme varied between 0.05 and 
0.12 gm. per 100 ec., the higher concentrations being used in a 
6mm. cell. When high concentrations of amides were used, 
dialyzed stock solution was added directly to the weighed out amide 
without further addition of water. In such cases the concentra- 
tion of salt and acid was lowered by about one-fifth. 

As with hemoglobin, buffers were dispensed with; the 0.002 
mM acid kept the solution near the isoelectric point of pepsin at 
approximately pH 2.7. 

Urea, Acetamide, Formamide, Glycine—c. P. urea was twice dis- 
solved in 70 per cent ethanol at temperatures under 40° and twice 
recovered at —9°. The crystals were washed with absolute alco- 
hol and air-dried at 50°. The conductivity (1 m solution, 5.1 xX 
10*; 4 mM, 6.3 & 10° at 20°) was only slightly greater than that 
of the distilled water, and considerably lower than that of Burk 
and Greenberg’s material. Tests for acid or base combination 
were negative. 

Schering-Kahlbaum’s acetamide was dissolved at 35° in 80 
per cent of its weight of methanol. After the solution was filtered 
and cooled to below room temperature, 5 ec. of ethyl ether per gm. 
of acetamide were added. The crystals were redissolved in meth- 
anol at 35° and filtered at —9° after the addition of 10 volumes 
of anhydrous ether. The crystals were air-dried, vacuum-desic- 
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cated over sulfuric acid, and finally warmed to 60° in an oven for | 
afew hours. They were stored over P.O;. A molar solution was _ 
faintly acid to brom-thymol blue, but its conductivity was only | 
slightly higher than that of the distilled water. | 

Merck’s formamide was purified by the method of Verhoek 
(68), with a distillation temperature 10° higher than Verhoek’s 
and a slightly less pure distillate. Only one fractional crystal- 
lization was carried out. The material obtained melted at 2.15° 
(m.p. of purest formamide 2.55°), and had a conductivity of 1.1 x 
10-4 which doubled during the period of storage before use (a 
noticeable odor of HCN also developed). A 10 per cent aqueous 
solution containing hemoglobin and salt (Experiment 48) had a 
pH of 6.18 measured by a glass electrode, indicating some de- 
composition into acid products. The material was stored frozen 
in a dry atmosphere. 

De Haen’s glycine “nach Sorensen” was used without further 
purification. 

Sedimentation Velocity Measurements—-Sedimentation constants 
were measured according to the current practise in the Upsala 
laboratory (58, 59), the light absorption method being used to 
record the sedimentation of the protein. With hemoglobin the 
mercury green line (546 mu) was isolated by a Wratten No. 77 
filter and photographed through the rotating cell on Ilford Chro- 
matic plates. With pepsin, Ilford process plates and the usual 
chlorine and bromine filters for the ultraviolet were substituted. 
Permanent concentration standards of o-cresolphthalein were 
used for hemoglobin, and potassium dichromate for pepsin. 
Speeds of 54,000 to 70,000 R.p.M., corresponding to forces between 
210,000 and 340,000 times gravity, were employed. Eight to 
ten exposures were used in calculating the rate of sedimentation 
in experiments running between 90 and 240 minutes, according 
to the viscosity of the solution and the sedimentation rate. The 
temperature rose gradually in each run; average temperatures 
are given in Tables I and III. All sedimentation constants are 
expressed as their equivalents in pure water at 20°, by correcting — 
for the viscosity of the solutions and the change in density and | 
viscosity of water with temperature, according to the usual 
equation: 
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6x 
él Nye n 1/V — po 1 — V poe 
89° (corrected) = — ( ) (1) 
720° H.O 70 1/ ] Vp, H.0 
520° 
in which 

nm = viscosity of solvent 

p = density of solvent 

nm = viscosity of water 


po = density of water 

V = partial specific volume of protein 

w = angular velocity 

z = distance of boundary from the center of rotation 


These correction factors assume unusual importance in the present 
experiments which involve very high concentrations of dissolved 
substances. Their adequacy is attested by experiments on 
hemocyanin dissolved in deuterium oxide (61) and by the results 
with pepsin reported in this paper. Viscosities and densities 
have been taken from the International Critical Tables, inter- 
polating where necessary. The density used for the glycine 
solution Was measured. 

Diffusion Measurements—The refractometrie method of Lamm 
and Polson (37) was employed, with red light and sensitized 
Cramer process plates. Diffusion constants were calculated by 
two of the methods described by these authors (Equations 2 and 
3 of their paper) from at least three exposures spaced over about 
30 hours; the values given in Table II are based on Equation 2, 
since the values of o calculated from the coordinates of the entire 
curve are almost identical with directly measured values of yu 
used here. Values of the diffusion constant calculated from ¢ 
(Equation 3) usually agree with those in Table IT within 1 per cent. 

The homogeneity of the protein in the various solvents was 
tested by fitting the experimental points with the normal curve, 
as described by Lamm and Polson. The author wishes to thank 
Mr. Alfred Polson for much help with these measurements and 
for making the actual exposures. 

Partial Specific Volumes—Hemoglobin was added to solvent 
by weighing out stock solution, allowance being made for the 
water added by omitting an equivalent amount in the final dilution. 
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At the same time other portions of stock solution were weighed 
out for dry weight analyses. At least two such sets of pyeno- 
metric determinations at 20° were made in each solvent. 

Since no significant changes in the specific volume of hemo- 
globin were found in the mixed solvents, the corresponding 
quantity for pepsin was not measured; Philpot’s value in aqueous 
salt solutions was employed for this protein throughout. 

Pepsin Activity—A_ slight modification of the hemoglobin- 
tyrosine method of Anson and Mirsky was employed (55). Test 
solutions of hemoglobin contamed the same concentration of urea 
or acetamide as the enzyme solution. These substances are 
without effect on the amount of color produced by digestion 
products with the Folin reagent, but their presence greatly in- 
creases the blank of chromogenic material unprecipitated in 0.15 
M trichloroacetic acid. | 

Absorption Spectra Band positions were measured with a 
Hartridge reversion spectroscope. Thanks are due to Dr. G. 
Millikan of the Physiological Laboratory at Cambridge for a 
calibration of the instrument and for valuable guidance in making 
the measurements. Detailed examination of the CO hemoglobin 
bands was made with a Koenig-Martens spectrophotometer. In 
the conversion of hemoglobin into various derivatives (details 
given in Table IV) care was taken to keep the amide concen- 
tration nearly unchanged. 

Gas Capacities and A ffinities—Oxygen- and carbon monoxide- 
combining capacities were measured through the kindness of 
Major J. H. C. Walker at Cambridge. Barcroft tonometers and 
the Van Slyke constant volume manometric technique (45) were 
employed. The ratio of the affinity of hemoglobin for the two 
gases was measured by comparing the apparent position of the 
mixed absorption bands in water and in urea solution, after long 
equilibration with CQO-air mixtures of widely different known 
compositions, as in the method of Hartridge. 


Results of Measurements 


Table I summarizes the sedimentation constants for the two 
proteins in all the experimental solutions. The column at. the 
extreme right gives the corrected constant adjusted for all differ- 
ences due solely to changes in density and viscosity, as described 
in the preceding pages. Residual differences are therefore due to 
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changes in the proteins themselves—either in state of dispersion, 
hydration, or in various other factors which may affect their 
frictional coefficients. 

With hemoglobin, these differences are well marked and vary in 
a regular way. ‘The control runs in aqueous salt solutions give 
values near 4.6 * 10°) for this protein, in good agreement with 
the value (4.5) usually given. With concentrations of urea up 
to 4 mM, and with acetamide concentrations up to 6.46 M, the sedi- 
mentation constant falls regularly with increasing concentrations, 
reaching a limiting value of 3.1 or 3.2 in solutions of both sub- 
stances. Higher concentrations of urea--almost double those at 
which this value is first reached—do not lower the sedimentation 
constant further. A maximum effect has already been _ pro- 
duced.° 

The lowest concentrations of formamide employed (2.26 M, 
10 per cent) are also apparently sufficient to produce the same 
limiting effect. With higher concentrations, however, the con- 
stant falls slightly; at the same time the protein becomes un- 
stable, turning brown within a week at room temperature. Diffu- 
sion data at this concentration also show anomalies. At still 
higher concentrations (9.38 m, 40 per cent) the protein is moder- 
ately stable in the cold, but its color changes rapidly at higher 
temperatures, its absorption for the mercury green line almost 
vanishing during the course of a centrifuge run. ‘The sedimen- 
tation constant rises. Possibly the trace of acid impurity present 
in these formamide solutions is responsible for these secondary 
effects. 

It should be noticed that an almost saturated solution of an 


’The continuous variation of an apparent sedimentation constant 
requires some explanation. With the resolving power at present available 
with the light absorption method used here mixtures of molecules with 
small sedimentation constants will not show two clear inflection points in 
the sedimentation velocity diagram because of the relatively rapid rate at 
which these smaller molecules diffuse. In place of two normal S-shaped 
eurves in the graph relating protein concentration to distance from the 
center of rotation, one long curve with an anomalously shallow slope is 
found. With larger molecules discrete curves can be separated, but in the 
present case it is expedient to treat the curve as single; the intermediate 
value of the sedimentation constant must be considered as that of a 
weighted average of the two molecular species present. Complete resolu- 
tion of these molecular species is possible when Lamm’s refractive index 
method is substituted for light absorption. 
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TABLE I 
Sedimentation Constants 
wai tion of run x 108 
(a) Hemoglobin 
Practically no dissociation 
Water No wait | 0.63 | 31.7 | 4.48 | 1.030 4.61 
30 0.65 | 30.4 4.55 | 1.030) 4.68 
35 0.58 | 33.3. 4.56 1.031) 4.70 
36 0.44 | 25.9 4.45 1.019, 4.54 
37 | 0.36 | 33.3 4.51 | 1.030) 4.65 
46 Bn: pgs, 0.47 | 33.0 | 4.49 | 1.028) 4.61 
| Average 4.63 
Partial dissociation 
2/1 Urea 3 hrs. 5 | 0.64 | 31.9 | 3.80 | 1.128 4.29 
4;1 - 6 days 5 | 0.64 | 35.4 | 4.06 | 1.129, 4.89 
13 | 1 aa 20 0.64 30.5 3.98 1.113 4.44 
5 | 0.43 33.3 | 2.93 1.389) 4.06 
Acetamide 4 hrs. 5 | 0.65 30.4 3.52 1.199) 4.22 
3days | 20 0.65 30.4 3.76 | 1.200 4.51 
23 3.04 2hrs. | 20 | 0.65 | 32.3 | 2.69 | 1.501) 4.04 
24 | 3.04 days 20 0.65 33.4 | 2.71 | 1.507) 4.0 
26 4.49 hr. 20 0.65 | 30.5 | 1.92 | 1.812 3.48 
29 | 4.49 - 5 days 5 0.50 31.1) 1.93 | 1.803 3.48 
51 | 2 Glycine 2 hrs. 20 0.48 | 34.0 | 2.44 1.780 4.34 
Practically total dissociation 
34 Urea 3 hrs. 5 | 0.64 | 32.4 | 2.08 | 1.572) 3.27 
5 4 ex 4 days 5 | 0.64 | 32.0 | 1.99 | 1.573 3.18 
17 | 4 lday 20 0.66 27.2 | 2.07 | 1.537) 3.18 
18 | 4 + 4days | 20 | 0.66 27.3 | 2.11 | 1.534 3.23 
11 (6.48; “ day 5 0.47 30.8 1.52 2.120, 3.22 
15 |6.48| “ days 20 0.47 28.6 1.52 | 2.115, 3.21 
hrs. 5 | 0.50 | 29.2 | 1.37 | 2.422| 3.32 
31 6.46 Acetamide 2 20 0.64 32.0 1.43 2.362, 3.37 
|1day | 20 | 0.55 | 31.3 | 1.36 | 2.961) 3.21 
40 6.46 4days 20 | 0.41 | 34.2 | 1.48 2.363, 3.50 
48 | 2.26  Formamide No wait | 30.2 3.10 | 1.133 3.40 
50 \0.25 Kel | 1 hr. | 20 | 0.47 36.4 2.83 1. 150) 3.28 
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TABLE I-—Concluded 


Z. Pro 2 

<2 | Solvents Time of con (cor- 

| wait oo ntra- 3 ted) 

Grossly unstable or inhomogeneous 

moles "C. "100 “Cc. 
42 | 4.55 Formamide 1 day 5 | 0.50 33.3 2.34 1.248 2.92 
43. 3davs 20 0.50 31.8 2.40 1.258 3.02 
44 * 5 | 0.50 32.0 2.34* 1.602 3.75* 
47 9.38 5 | 0.50 32.4 2.59* 1.602 4.15* 

(b) Pepsin 
No dissociation 

53 | Water | 26.9 2.83 | 1.024) 2.90 
54 | 26.7 | 2.93 | 1.024) 3.00 
57 | Bey 0.06 27.1 3.08 1.024 3.15 
58 | 27.6 3.04 1.026 3.11 
| Urea hrs. 20 0.06 26.8 3.05 1.118 3.41 
5 | 0.10¢ 27.5 | 2.20 1.536 3.38 
60 6.46 Acetamide 8 ‘“ 20 | 0.08t} 27.9 | 1 


| 41 2.341 3.30 


All solvents contain 0.1 mM KCl, except in Experiment 50. Protein con- 
centrations in a few cases discussed in the text appeared to diminish slightly 
on waiting long periods, and are therefore lower than the figures given. 
Viscosity corrections used with acetamide are based on the viscosity of 
acetamide solutions at 25°, corrected for the change of viscosity of water 
between this temperature and the temperature given. This simplification 
gives corrections which may be wrong by a few per cent. 

* These figures are very uncertain owing to bleaching of the protein (with 
respect to the wave-length used) during the run. 

t Before dialyzing; final solutions slightly more dilute. 


amino acid (2 m glycine) shows only a barely significant effect. 
Table I also shows that the fall in sedimentation constant to the 
level characteristic of each solution occurs in a very short time, 
in at most an hour «| centrifuge temperatures. Further changes 
do not occur, either in the cold or on storage at room tempera- 
ture. Secondary changes in formamide solutions which are ex- 
ceptions to this statement have already been mentioned. With 
high concentrations of acetamide, long storage at room tempera- 
ture caused gradual formation of a cloudy suspension; similar 
phenomena have been observed by others with dilute ovalbumin 
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solutions in urea. The results tabulated are not complicated by 
the consequences of this secondary change in stability (never 
observed with urea), and reflect only establishment of an initial 
equilibrium, which is very rapidly attained. 

Pepsin, unlike hemoglobin, is not affected by high concentrations 
of urea and acetamide. The molecular weight of the enzyme is 
half that of the respiratory protein (47), with a value which has 
been shown to be the most common basic protein unit (57, 60, 
59). The absence of any decrease in the corrected constant for 
pepsin in the solvents which produced the maximum effect with 
hemoglobin attests the legitimacy and precision of the large cor- 
rections which have been applied in the two cases. Likewise, it 
tends to eliminate the possibility of other more obscure interfering 
medium effects. Further support for this conclusion is con- 
tributed by the fact already noted that with hemoglobin the 
sedimentation constant, which falls progressively in the range of 
urea concentrations between 0 and 4 mM, shows no further fall 
when very much larger correction factors are used with concen- 
trations almost twice as high. 

Diffusion Constants—-The results of four diffusion experiments 
are summarized in Table II. All three exposures in the sets with 
4m urea and with 6.46 mM acetamide give self-consistent values of 
D; the averages of both sets, when corrected for differences in 
viscosity, are almost identical: 7.81 and 7.68 * 10-7 respectively. 
These are very near the well established value for ovalbumin 
(7.75), and larger than that for normal horse hemoglobin, 6.3 
(66). Since the sedimentation constant in these two media 1s 
lower than that of ovalbumin, the molecular weight of hemoglobin 
in these two solutions cannot be greater than that of the Jatter 
protein dissolved in water. 

With 1 m urea the constants are less consistent, with their 
average nearer to the normal value. The downward drift indi- 
eates that more than one molecular species is present, a result 
already forecast by centrifuge experiments in the same solution. 
Progressive dissociation by dilution at the boundary may con- 


6 Further interest attaches to the observation that urea-treated pepsin 
also differs from most proteins in not giving an increased nitroprusside 
reaction (14). 
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tribute to the result.7 Application of graphical tests for homo- 
geneity to the results with both urea concentrations showed no 


TABLE II 
Diffusion Constants (D) of Carboryhemoglobin in Amide Solutions 
Containing 0.1 mM KCl 
The data for4™Murea and 6.46 mM acetamide show total dissociation, and 
satisfy tests for homogeneity. 


Protein Viscosity 

calcu- D, : (cor- 

x 10° 

moles hrs. 

l Urea 0.67 13 2.43 | 2.503 | 7.64 1.039 7.93 
21 2.91 6 82 7.08 
36 | 3.84 4.05§ 6.91 7.19 

4 Urea 0.66 | 12.5 2.14 | 2.141 | 6.40 | 1.218; 7.7 
19.5 6.49 7.89 
25.5 | 3.07 | 3.08 | 6.40 778 
Average 7.81 

6.46 Acetamide 1.605 3.70 2.102 7.7 
18 1.94 3.61 | 7.59 
24 2.25 3.64 66 
Average 7.68 
4.55 | Formamide 0.72 1.0 | 2.80 8.00 | 1.112 9.79 
| 19.08 3.50 6.85 8.39 


' i 


25.00 | 3.87 3.28) 6.39 7.81 
* Measured distance between inflection points. 
t Calculated from moments of the entire curve unless noted. 
t The ratio of area to maximum height gives 2.46. 
§ The ratio of area to maximum height gives 4.00. 
| This figure was obtained from the ratio of area to maximum height. 


significant deviations from the normal curve. However, with 
the more dilute solution, the value of u, calculated arithmetically 


7 It seems likely that the values obtained for hemoglobin in ordinary salt 
solutions may be slightly high for the same reason: at any concentration, 
diffusion of the smaller particles (always in equilibrium with larger ones) 
will be faster. 
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from the moments of the experimental curve, differs appreciably 
from the value calculated from the height and area on the assump- 
tion that the curve is normal. These minor discrepancies, sen- 
sitive indications of inhomogeneity, do not appear at the higher 
concentration, where dissociation is apparently nearly complete. 
The small scale line displacements (resulting from very low protein 
concentrations) do not permit the caleulation of uw from the area 
or from the computed moments of the curve except in a few 
favorable cases. Klsewhere uw has been taken as half the distance 
between the two inflection points in the data, a normal curve 
being assumed and the exact position of the inflection determined 
by dividing the maximum height of the curve by Ve to get its 
height at these points. 

In the formamide experiment, the apparent diffusion constant 
decreased with time and was anomalously high. Partial dis- 
sociation into particles of less than half normal size 1s indicated. 
In keeping with this conclusion, a serious discrepancy appears 
between u» measured off from the distance between the inflection 
points and uw calculated from the height and area or from the 
moments of the 25 hour curve. Graphical comparison shows an 
appreciable deviation from the ordinates of the normal curve. 

Since the area of each curve in any one series Was Invariant and 
closely followed the protein concentration, it is concluded that 
the refractive power of the protein in these solutions underwent 
no change. 

Molecular Weight—It has been shown (36) that Svedberg’s 
equation relating molecular weight to sedimentation and diffusion 
constants 


RT's 
| (2) 


M 
— Vp) 


in which R is the gas constant, T the absolute temperature, D the 
diffusion constant, s the corrected sedimentation constant, and 
the other symbols have the meanings assigned in Equation 1, 
rests on the same assumptions as the sedimentation-eauilibrium 
equation, which may be derived thermodynamically.* If 

§ Lamm ’s derivation is strictly valid only for systems of two components. 


When more are present, as in these experiments, a condition for its validity 
is that no combination occurs between protein and any component, as 
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3.15 & 107 is used as the value of s, and 7.80 & 1077 as the value 
of D, for hemoglobin in concentrated urea solutions, M is almost 
exactly 39,000. The normal value of V (0.749 at 20°) has been 
employed in this calculation, since direct determination in these 
solutions scattered within | per cent of this value. 

With 6.46 VW acetamide, both s and D show that the protein is 
slightly less dissociated; the average molecular weight is therefore 
a little higher. In both cases, it is slightly greater than half 
the value of M assigned to horse hemoglobin (67,000) as the 
average obtained by various methods of measurement (1, 60), 
in agreement with accurate analytical data for human hemo- 
globin (41). In view of the constancy of s at urea concentrations 
between 4 and 8 M, it seems unlikely that the failure to give the 
half value exactly is caused by incomplete dissociation. Errors 
in M ascribable to uncertainties in V (about 2 per cent), s (3 
per cent), and D (1.5 per cent) are insufficient to account for it. 
Viscosity corrections make up the greatest part of the corrections 
applied to s and D; these cancel out almost entirely in computing 
M, and cannot be at fault (the results with pepsin indicate this 
also). There is a still greater discrepancy (in the same direction) 
between the molecular weight of ovalbumin as calculated from 
sedimentation and diffusion (60) and the weight inferred from 
measurements of osmotic pressure and from analytical data. 
These discrepancies, of obscure origin, have only secondary im- 
portance for the purpose of this research. 

These findings confirm by a wholly independent method the 
conclusions of Burk and Greenberg, based on their measurements 
of osmotic pressure. The substantial deviations from ideal 
osmotic behavior which they found were met by introducing large 
empirical correction terms, which were interpreted as an allow- 
ance for hydration of the protein. ‘This interpretation was carried 
further by Hand (22), who denied that dissociation was required 
to explain their data. He used viscosity measurements of con- 
centrated hemoglobin solutions in urea to show that the ab- 
normally high osmotic pressure in urea is due to a virtual increase 
in protein concentration through removal of water as water of 


Adair has pointed out (2). It is assumed that no serious discrepancies 
arise from this source in isoelectric dilute salt solutions, where the major 
extra component is electrically neutral. 
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hydration, rather than to molecular splitting. Hand made use 
of the equation of Kunitz (34, 35) to calculate the change in 
hydration of the protein induced by urea, and concluded that 
the change was sufficient to account for the observed increase 
in pressure. This conclusion is disputed here for two reasons: 
first, it is inconceivable that the low protein concentrations of the 
present experiments can bind enough water to account for any 
considerable osmotic effect; and second, it is unlikely that any 
extensive change in hydration could be without measurable effect 
on the apparent partial specific volume, as measured in this in- 
vestigation. Since the present experiments confirm those of 
Burk and Greenberg, Hand's criticism of their experiments ap- 
pears to be without foundation. It is not denied that changes in 
hydration may accompany the long time secondary changes in 
viscosity in urea solutions purposely avoided in these measure- 
ments (they occur much more rapidly with oxyhemoglobin than 
with carboxyhemoglobin), but they are probably smaller than 
postulated by Hand. Other factors than hydration (change of 
shape, dissociation) may affect the frictional constant of a labile 
dissolved substance, and may consequently affect the viscosity 
of its solution. The enormous hydration postulated by Hand 
seems very excessive in view of a number of careful hydration 
determinations which agree in finding that proteins combine 
with less than one-third of their weight of water (62, 5, 3). The 
empirical correction term of Burk and Greenberg (2.8 gm. of water 
per gm. of protein) is thus too large to be interpreted as hydration 
but the Kunitz equation would indicate still greater effects,—over 
35 molecules of water per amino acid residue, in the case of 
gelatin. Its use for calculating hydration from viscosity has 
been criticized in detail by Adair and Callow (4). 

Reversal of Dissociation—Sedimentation measurements were ¢car- 
ried out on dialyzed hemoglobin solutions which had contained 
various concentrations of amides for different periods of time, in 
order to ascertain whether dissociation is reversible. Dialysis was 
carried out in the cold in cellophane bags, against five to twelve 
changes of 0.1 Mm KCI. 

In these experiments (Table III) s increases to values only 
slightly lower than those for normal hemoglobin; at the same time 
the inhomogeneity of the protein increases. In several runs 
material with sedimentation constants considerably larger than 
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TABLE III 
Sedimeniation Constants in Dialyzed Solutions 
Tem- Aver- 

Time pera- age (cor- 
peri~ | Solvent of ex- ture din temper- X 1013s reeted) 
| posure of ex- ature 1018 
NO. | posure of run 


Partial dissociation before dialysis 


moles days days 
6 1 Urea 6 5 3 
771 6 5 | 3+4 31:1 | 3.92¢ | 4.02T 
14} 1 7 | 2 29.7 | 5.04¢ | 5.16t 
16 1 7 5 | 24+7 31.5 | 5.15§ | §.27 
* 3 5 3 32.1 | 4.27)| | 4.3711 
5 | 1 Acetamide 4 5 4 29.8 4.09 | 4.20 
711 4 | 4+4 | 29.11 4.17 | 4.36 
28 3.04 4 20) 6 29.9 | 4.14! 4.25) 
32 | 3.04 | fe t 20 6+ 3 31.6 | 4.18 4.30 
34 | 4.49 3 31.6 | 3.95 4.05 
Total dissociation before dialysis 
8 4 Urea 3 5 4 32.2 | 3.919 | 4.049 
12 (| 4 3 4+ 11 29.7 | 4.18 | 4.43 
19 | 4 4 | 20 Graduated 31.5 3.779 3.879 
| | steps 
38 6.46 Acetamide 10 20 3 33.5 | 4.00]| | 4.07] 
52 | 2.26 Formamide 2 5 2 32.9 | 3.92°* | 4.06°° 
Grossly unstable or inhomogeneous before dialysis 
45 | 4.55 Formamide 12 = 5 2 32.0 | 9.0*%-** | 9.0°-** 
49 9.38 2s 8 5 2 34.2 | No analysis 
| possible due 
to rapid 
change dur- 
ing run 


All solutions contained 0.1m KC]. The symbol + indicates the time of 
storage after dialysis when a second run was made at a later date. During 
this period a slight decrease in concentration occurred, manifested by loss 
of light-absorbing capacity and precipitation. Where this is considerable 
or where serious inhomogeneity developed, it is indicated by notes. 

*One component only. The solution showed several inflection points, 
the others referring to heavier components. 

t Homogeneity increased. 

t 15 per cent loss in light absorption ; inhomogeneous even before dialysis. 

§ Increase in heavy components. 

| 25 per cent loss in light absorption; almost homogeneous. 

{ Loss due to precipitation as described in text; remainder almost 
homogeneous. 

** Apparent loss, but color changing. 
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that of normal hemoglobin could be detected, although not readily 
measured. Occasionally this material sedimented only slightly 
more rapidly than the remainder and is averaged in with the 
mixture of dissociated and apparently reversibly associated mole- 
cules (Experiments 14 and 16), but usually part of this rapidly 
sedimenting material is separable and is not included in the con- 
stant given. This tendency of dialyzed dissociated hemoglobin 
to excessive aggregation is also shown by the slight rise in ¢ 
which always occurs on storage of dialyzed solutions. Sedimep- 
tation constants of previously totally dissociated solutions tend to 
be slightly lower just after dialysis than those of solutions pre- 
viously only partly dissociated. On storage for a week or longer, 
however, both approach the normal value, in spite of peculiarities 
described below. The proportion of anomalously aggregated 
material also increases, and a small quantity of protein may 
precipitate. The duration of exposure to the amide solution be- 
fore dialysis is apparently not a determining factor. 

Totally dissociated solutions are sharply distinguished from all 
others by the occurrence, during dialysis, of irreversible precipita- 
tion of a definite fraction of the total protein. The size of this 
fraction appears to depend on the amide concentration. With 4 
M urea, it is about 30 per cent, and increases to well over half at 
6.48 m; with 7.46 m hardly any color remains in the dialyzed solu- 
tion. With 6.46 mM acetamide about 25 per cent precipitates. No 
precipitation occurred on dialysis of formamide solutions, but 
these solutions had undergone other changes. 

Variation in the manner of carrying out the dialysis is without 
influence on the size of the precipitated fraction. With 4 M urea, 
precipitation occurred when the urea concentration was reduced 
below 2 mM, regardless of whether dialysis went rapidly (1 hour 
against 0.1 m KCl) or very slowly (several days, against graded 
steps of diminishing urea concentrations). These regularities, 
ordinarily suggestive of the existence of equilibria, remain obscure. 
It will be shown that the protein in the urea solution prior to 
dialysis cannot be distinguished into two fractions on the basis of 
detectable differences in specific properties; further, it is difficult 
to account for these precipitations by postulating the existence of 
a slowly labile equilibrium with urea, because the rate of dialysis in 
such a system should largely determine the proportion of material 
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precipitating: with sufficiently slow dialysis, little should remain 
to precipitate. The changes which induce precipitation may 
therefore occur only on removal of the dispersive influence of the 
urea. Other phenomena consistent with this view are presented 
below; the occurrence of total precipitation on dialysis or dilution 
of very concentrated urea protein solutions has contributed much 
to the current opinion that the protein is denatured in these 
solutions. 

Relation of Dissociation to Denaturation Hemoglobin which has 
undergone dissociation in amide solutions has not simultaneously 
suffered the loss of specific properties, which accompanies denatura- 
tion. These properties include the positions of its absorption 
bands and the bands of its common derivatives, its combining 
capacity for oxygen and carbon monoxide, and the relative affini- 
ties of the protein for these gases at different partial pressures. 

Absorption band positions of some of the simpler derivatives 
in urea and formamide and methods of their formation are sum- 
marized in Table IV. No significant differences between the band 
positions in water or in the mixed solvents have been detected.® 
Each derivative may be formed in more than one way, and the 
transformations may be reversed a number of times. The charac- 
teristic reduction and oxygenation cycle, and others involving the 
replacement of oxygen by carbon monoxide, hemochromogen 
formation, and methemoglobin, may be directly observed spectro- 
scopically in amide solutions. Detailed comparison of the struc- 
ture of the CO bands in water and in 4 M urea with a Koenig- 
Martens spectrophotometer showed their complete identity; on 
reexamination a week later, only a barely detectable diminution 
in the intensity of absorption in the urea solution had occurred. 
Hemoglobin in dialyzed urea solutions also appeared normal if 
eare had been taken to exclude oxygen at every stage in its hand- 
ling. 

A single difference was observed between the aqueous and amide 
solutions. Methemoglobin, formed on dissolving a crystal of 


* Small shifts of purely optical origin might well have been expected in 
such concentrated solutions. 

1° Pedersen has shown that very dilute hemoglobin solutions are partially 
dissociated, but Ray and Blair (50) found that dilute hemoglobin solutions 
exhibit no spectroscopic anomalies. 
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TABLE IV 
Summary of Band Positions of Hemoglobin Derivatives 
The figures given are in Angstrom units and represent a verages of several 
measurements with different preparations. They are significant to 3 A. 
except for certain diffuse bands. The figures in bold-faced type represent 
intense bands; those in parentheses weak or diffuse bands. All solutions 
contained 0.7 per cent hemoglobin and 0.1 Mm KCl. 


Solvent 

Carboxyhemoglobin 5695 | 5698 5703 

5365 | 5373 5375 
Oxyhemoglobin (a) 5767 | 8767 | 5767 

5409 5408 5405 
Methemoglobin (6) 6307 6303 6303 

(4860 ) (5350 ) 

(4970) (4990 ) 

Alkaline hemochromogen (c) 5579 5583 5583 (NH; present) 

5280 5280 5278 
Carboxyhemochromogen (d) 5700 5707 5701 (NH; present) 

5374 5376 5383 
Reduced hemoglobin (e) (5560 ) (5558 ) (5558 ) 


‘‘Parahematin”’ (5341 ) (5350 ) 


Methods of Formation—(a) Prolonged exposure to air in thin layers, with 
occasional stirring, for a day. Most of the transformation from the CO 
compound occurs in the Ist hour. The slight amount of mechanical de- 
naturation resulting from stirring causes a little precipitation in the 
aqueous solution; the dispersive effect of urea and formamide prevents its 
manifestation in the others. (6) A very small crystal of potassium ferri- 
eyanide in 1 ec. of solution produces an effect within an hour. With the 
amide solutions, in which further changes take place, the measurements 
were made after 2 hours. (c) Solid NaOH and Na.S.O, were added to 
oxyhemoglobin. Alkali by itself fades the bands, and the solution becomes 
brown. Carboxyhemoglobin behaves similarly but more slowly. Solu- 
tions saturated with CO appear to undergo no transformation when treated 
with both alkali and hydrosulfite, owing to the formation of CO hemo- 
chromogen, indistinguishable from CO hemoglobin (38, 52). (d) CO added 
to hemochromogen (c); also produced when CO hemoglobin is treated by 
alkali, or alkali and hydrosulfite; it may be distinguished from CO hemo- 
globin by its failure to transform to methemoglobin on treatment with 
ferricyanide. (e) Oxyhemoglobin was exposed to a vacuum for several 
minutes, or reduced with hydrosulfite. Reoxygenation to about 80 per 
cent of capacity is possible when formed the first way; hydrosulfite-treated 
solutions may be reoxygenated, but are almost instantly transformed to 
methemoglobin. (f) Methemoglobin was allowed to stand for 10 to 2 
hours at 25° in solutions of urea or formamide. After longer periods other 
changes ensue. These are probably the bands observed by Burk and 
Greenberg (see text). 
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potassium ferricyanide in the amide solutions, is less stable than 
when formed in pure water. Within 20 hours at 20-25° the 
characteristic band in the red fades out and is replaced by a diffuse 
band in the green (about 534 my). This new band is characteristic 
of parahematin (‘‘cathemoglobin’’), and was observed by Burk and 
Greenberg in old solutions of oxyhemoglobin in 6.66 M urea. 
Parahematin has been identified as the denatured form of the 
ferri state of hemoglobin (32), and Burk and Greenberg concluded 
that half weight hemoglobin is denatured. It seems more prob- 
able that its formation is a secondary phenomenon, occurring 
only when formation of methemoglobin as an intermediate is 
possible. It has never been observed with carboxyhemoglobin. 
This parahematin, contrary to the belief of Burk and Greenberg, 
is not identical with the substance studied by von Klaverin and by 
Keilin. The latter when reduced by sodium hydrosulfite in 
neutral or slightly alkaline solutions gives the unmistakable 
hemochromogen spectrum of reduced denatured hemoglobin. 
Protein denatured by mechanical shaking or by standing in urea 
for long periods at temperatures over 30° will give this reaction. 
The parahematin described above, however, shows no sign of the 
intense hemochromogen line on treatment with hydrosulfite. If 
the reductant is added gradually, the first effect observed is the 
reappearance of the methemoglobin red band. At this stage the 
iron is still trivalent; no combination with CO occurs. Addition 
of further reductant produces the diffuse absorption of reduced 
hemoglobin. If this reduced solution is quickly shaken with air, 
oxyhemoglobin bands reappear but methemoglobin reforms ex- 
ceedingly rapidly in the presence of oxygen after hydrosulfite has 
once been used. This cycle has been repeated five times with a 
single solution by adding fresh hydrosulfite in minimal quantities. 
At this stage, addition of alkali with the reductant (to make the 
solution neutral) results in a strong hemochromogen spectrum 
which can be changed to that of carboxyhemochromogen by 
exposure to CO,—-the protein is now almost totally denatured. 
The same result is obtained at once if the parahematin is allowed 
to stand in urea at room temperature for a few days before addi- 
tion of the reductant, although the rather diffuse parahematin 
band does not undergo detectable change. The function of alkali 
in all these experiments is not, as in the direct formation of hemo- 
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chromogen, to denature the protein, but to shift the hemochro- 
mogen-forming equilibrium in the desired direction (28). 

These observations suggest that consideration of spectroscopic 
evidence alone may fail to distinguish between denatured hemo- 
globin and hemoglobin that has gone one step toward denaturation 
The existence of an intermediate stage between native and de- 
natured protein, at which the process may still be turned either 
way, has often been suggested (“incipient denaturation’ js 
Sgrensen’s phrase). The ambiguity of spectra as a criterion of 
denaturation has also been pointed out by Meldrum (38) as the 
result of a series of observations involving methemoglobin. 
Meldrum believed that his own experiments, and those of Anson 
and Mirsky on the ‘‘reversal of denaturation,’’ could be explained 
as due to denaturation of a definite fraction of the protein, which 
then combines with the remainder, “protecting” it. It appears 
impossible to make use of Meldrum’s concept in the present case. 
Because of the reappearance of methemoglobin on the first addi- 
tion of reductant to “‘parahematin,”’ a stage of oxidation (possibly 
of thiol groups) appears to be involved in formation of the inter- 
mediate. It is possible, however, that reduced hemoglobin is 
formed at once and that oxygen present in the solution causes 
immediate formation of methemoglobin except in the presence of 
excess reductant. This and other aspects of the anomalous 
parahematin require further study. 

The results with methemoglobin show that urea may sometimes 
hasten the process of denaturation. Ovalbumin also denatures 
fairly rapidly in concentrated urea. In this respect, proteims 
seem to differ greatly, even those so closely related as carboxy- 
hemoglobin and methemoglobin of the same species. These 
cases may explain the observations of flocculation, setting to hard 
gels, and increase in the nitroprusside reaction described by 
Hopkins and others, and the increase in viscosity of hemoglobin 
solutions reported by Anson and Mirsky (7) and Hand. In other 
cases, as with carboxyhemoglobin or pepsin, none of these phe 
nomena appears for several weeks, nor can any loss of specific 
properties be detected. Thus, although denaturation may be 
hastened in certain cases by the presence of urea, this change 1s 
secondary and may appear long after molecular dissociation, 
which is complete, when it occurs, in much less than an hour. 
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As Wu and Yang’s results with the hemoglobins of several species 
also indicate, the change in molecular weight is not itself de- 
naturation. 

The failure of high urea concentrations to denature hemoglobin 
is also demonstrated by measurements of its oxygen capacity 
after freeing it of CO by a day’s exposure to air, in thin layers. 
The solutions, containing 7.54 gm. of hemoglobin per liter, should 
bind 0.45 mm of oxygen. This is barely more than double the 
amount in physical solution, 0.22 mM in water, 0.16 mM (estimated) 
in 25 per cent urea. The attainment of sufficient accuracy to 
make these comparisons significant with such dilute solutions 
therefore requires great care to avoid mechanical denaturation 
during the preliminary aeration. The smaller gas volume (0.5 ec.) 
of the Van Slyke apparatus must be used; with 2 ce. samples, a 
pressure difference due to total oxygen of about 4 em. may be 
obtained.!! With ordinary aqueous solutions, figures slightly 
below the theoretical capacity were obtained. In 25 per cent 
urea, total oxygen came to 0.59 mm per liter, which leaves 0.43 
mm as the bound oxygen. Direct measurements of the CO 
capacity of freshly prepared 25 per cent urea hemoglobin solutions 
saturated with CO were also carried out. This procedure avoided 
all delays and extra handling of the protein, but involved the dis- 
advantage of much larger corrections for dissolved gas. The 
control gave 10.9 cm. differential pressure, equivalent to 1.456 
ma of CO per liter. Subtracting 1.019 for dissolved CO leaves 
approximately 0.44 mm, practically the theoretical capacity. 
The urea solution gave 1.213 mM of CO; from this was subtracted 
three-quarters of the previous figure for dissolved gas, leaving 0.45 
mM. Essentially similar results were obtained with other sets of 
solutions. In view of the large corrections and potential sources 
of error, these agreements must be considered very satisfactory. 

Horse myoglobin (so9° = 2.04; Dy» = 11.25; M (average) = 
17,350) (63, 64, 48) differs from hemoglobin in molecular weight, 
the position of its absorption bands, its rates of combination with 
oxygen and carbon monoxide, and in the equilibria governing 
both processes (64, 40, 26). The oxygen dissociation curve for 
myoglobin, which contains only one prosthetic group per mole- 


"Tests showed that no ammonia was liberated from urea with the 
concentrations of alkali used, within the time of the measurements. 
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cule, isa simple rectangular hyperbola. Current theories attempt- 
ing to explain the more complicated equilibrium for hemoglobin | 


depend on its larger number of groups and, in certain instances, 
on their mutual interaction (20, 42, 21). This suggested the 
desirability of measuring the same function for the half weight 
protein. 

Attempts to make such measurements In urea solutions were 


unsuccessful because evacuation of oxyhemoglobin in these solu. | 


tions caused denaturation of part of the protein. Either reduced 


hemoglobin, like methemoglobin, is less stable in these solvents | 


than in water, or the greater amount of bubbling that ensues 
during exhaustion, owing to the lower surface tension, caused 
denaturation at a rapid rate. It proved possible, however, to 


measure the ratio of the oxygen affinity to that for carbon mon- | 
oxide. Mixtures of the two gases in known proportions were | 


slowly bubbled through solutions of oxyhemoglobin, in water and 
in the mixed solvent, in front of the slit of the Hartridge spectro- 
scope. The solutions were observed during several hours equili- 
bration with mixtures resulting in apparent final band _ positions 
over the entire span. No difference was detected between the 
final mixed band positions in the two solvents.” 

Amide-dissociated hemoglobin has thus lost none of its spectro- 
scopic or physiologically significant properties; it still requires 
denaturation (by heat, shaking, or strong alkali) before giving 
the hemochromogen spectrum. ‘Truly denatured material, which 
precipitates on dialysis, cannot be redissolved in urea concen- 
trations which held it in solution before precipitation. 

With pepsin, similarly, the enzymatic activity is not impaired 
by amides. This was tested as described in the experimental 
section. The trichloroacetic acid filtrate from a digest by the 
enzyme dissolved in aqueous 0.0005 Mm HC! gave a color with the 
phenol reagent equivalent to 0.0851 gm. of tyrosine per liter. 
The blank was 0.0089 gm., and the difference, representing the 
increase in non-precipitable chromogenic material, was therefore 


12 The difference in position between oxygen and carbon monoxide bands 
is correlated with the ratio of the corresponding affinities when the hemo- 
globins (and myoglobins) of different species are compared (6). Since 
neither band positions nor affinity ratio has changed, dissociated hemo- 
globin retains this relationship. 


| 
{ 


J. Steinhardt 569 


0.0762 gm. ‘The corresponding filtrate from the same concen- 
tration of enzyme tested in 4 M urea (made up 3 hours before the 
test) gave color equivalent to 0.1195 gm. of tyrosine per liter, 
with a blank of 0.0301 gm. The increment was therefore 0.0894 
gm., higher than the control rather than lower. Probably pre- 
cipitation of partly split digestion products is less effective in urea 
solutions than in water. Repetitions with other urea concen- 
trations after different waiting periods gave similar results; tests 
with casein as the test protein, with enzyme and protein both dis- 
solved in acetamide, gave better correspondence. 10-fold dilution 
with water of more concentrated enzyme solutions just before the 
test minimized the effect of amide on the blank and caused all 
residual differences to disappear. Unless it is assumed that in- 
activation Was reversed on dilution, it thus appears that pepsin, 
like hemoglobin, suffered no denaturation. In view of the approx- 
imate correspondence found with the undiluted solutions and the 
fact that inactive pepsin, precipitated at the isoelectric point, will 
not redissolve in 4 M urea, the alternative assumption of reversal 
of denaturation on dilution seems unnecessary. 
DISCUSSION 

Previous studies from the Upsala laboratory have shown that 
dissociation and aggregation of proteins are a wide-spread phe- 
nomenon. ‘They commonly occur at the limits of a pH stability 
region, but changes in protein or salt concentrations are sometimes 
sufficient to bring them about, as with thyroglobulin, the hemo- 
cyanins, and the serum proteins. In only a few instances have 
these changes been proved to be accompanied by irreversible 
denaturation. 

Earlier centrifuge work with urea solutions has been limited to 
experiments on zein (69) which showed that its molecular weight 
is not changed.'’* The molecular dissociation of horse hemo- 
globin in amide solutions, demonstrated in the present paper, 
recalls the conclusion of Tiselius and Gross (66) that simple 


8 Williams and Watson (71) have recently reported dissociation of oval- 
bumin in 50 per cent urea. Burk and Greenberg agreed with Huang and 
Wu in finding no change in osmotic pressure with this protein, in solutions 
containing 40 gm. of urea per 100 cc. Their results on zein agree with those 
of Williams and his collaborators (69). 
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dilution of this protein brings about its partial dissociation. In. | 


teraction with other proteins may produce the same effect 


(Pedersen (43), and unpublished work). The presence of half 
size molecules in very dilute solutions may help to explain the — 
departures from normal behavior, reported in studies of the effect 
of this protein on the activity coefficients of slightly soluble salts 


(56), and the curious differences between the oxygen combination 
curves of dilute and concentrated horse hemoglobin § solutions 


(27). 


Globin itself has been reported to have half the molecular size | 
of the respiratory protein (51) but other results (72) appear | 


to show that this is only true of urea-dissociated or urea- — 
denatured globins of horse and ox, the hemoglobins of which — 
themselves dissociate in urea solutions. ‘The molecular weight of — 
fetal hemoglobin, known to differ from that of the adult (24, 12), | 


has never been measured. 

Confirmation of a marked change in the molecular parameters 
of hemoglobin when dissolved in 4 M urea has recently been 
afforded by the dielectric increment measurements on this protein 


by Oncley and Ferry (personal communication). ‘These investi- 
gators also confirm the finding that glycine solutions of far higher 
dielectric constant than those of urea exert a much smaller effect. | 

Since the work of Hopkins, it has appeared that many of the _ 
effects of urea on proteins are in some manner specific to unsub-— 
stituted and partially substituted amides. It can be shown that 


this specificity is not due to some common physical property, 
such as contribution to the dielectric constant of the solutions, 
Urea solutions have dielectric constants slightly higher than those 
of pure water (about 90 at 4 mM); the same is probably true of 
formamide. However, acetamide solutions at concentrations 
effective in almost totally dissociating hemoglobin have dielectric 
constants about 10 per cent lower than those of water (73). Fr 
nally, 2 mM glycine (dielectric constant about 124) fails to produce 
more than a slight dissociation. If part of the potential binding 


energy between halves of a dissociable protein molecule is electro | 
static in origin, a shift of the equilibrium toward dissociation | 


should ensue in solutions of high dielectric constant. Since ad 
electrostatic term in the binding energy (as in the case of a hydro- 


gen ion bound in a weak acid) has not been totally excluded, 
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variations in dielectric constant may prove to have greater 
effects when the protein concentrations are lowered to the range 
in which considerable dissociation occurs in water alone. Urea 
solutions, with dielectric constants above those of water, are effec- 
tive at lower concentrations than the less polar solutions of 
acetamide. ‘The principal influence of either, however, is clearly 
not electrostatic and appears to be a property of the amide bond. 

The effect of amino acids and certain other molecular dipoles 
on the solubility of other amino acids, polypeptides, and proteins, 
has been treated successfully as a function of their effect on the 
dielectric properties of the solvent (33, 16, 17). Here also the 
effects of urea are out of all proportion to its dielectric contribution. 
Its effect on solubility is manifested at much lower concentrations 
than those at which dissociation becomes considerable, and is as 
pronounced with pepsin, which does not dissociate, as with 
hemoglobin, which does. 

Mechanisms proposed to account for these phenomena must 
take into account their specificity to the amide bond. The 
repeated occurrence of the latter as the peptide link of proteins 
suggests the significance of this specificity. The x-ray analyses 
of Astbury have demonstrated that most proteins must be thought 
of as two- or three-dimensional undulating grids, the woof of 
which is composed of polypeptide chains (11). The nature of the 
cross-linkages, constituting the warp of this grid, is still obscure, 
although interesting hypotheses have been advanced by Astbury, 
Speakman, Burk, and others. The amide effects suggest that a 
contribution to the binding energy between parallel chains may 
arise from strong polarization effects between amide bonds lying 
opposite one another in regular reversed positions. Large binding 
forces may originate in this way, since the component polypeptide 
chains are composed of amino acids with amino groups all in the 
a position. 

This regular juxtaposition (fragments of two chains are shown 
below) may give rise to considerable polar association between the 
chains in much the way that Astbury has suggested may occur 
Within coiled single chains of a-keratin. It has been estimated 
that binding forces of as much as 10,000 calories per mole of 
peptide groups may arise by such polarization (39). 
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If this type of association between adjacent chains occurs, the 
effect of amides may depend on their similar association with the 
elements of the grid at the peptide bonds, in competition with 
peptide bonds of adjacent chains. ‘The association would thus be 
destroyed or greatly weakened. Removal of the amide by dialysis 
or dilution would permit reassociation of the component chains, 
After complete dissociation, however, reassociation may not 
oceur in an orderly way. Chains may come together, not in pairs 
but in large irregular aggregates. Sufficiently large aggregates 
would precipitate. The hypothesis which accounts for dissocia- 
tion may thus also explain the observed behavior of the dialyzed 
protein. Its application to amide effects on, protein solubility 
will be considered in a later paper. 

It has been shown that dissociated hemoglobin possesses all 
the familiar properties of the normal or native protein. This 
constitutes strong support for the view which has emerged as the 
result of other researches in the Upsala laboratory that protein 
molecular weights may represent aggregates or polymers of 
smaller units with chemical properties in large measure inde- 
pendent of their state of aggregation. 


SUMMARY 


Native isoelectric horse hemoglobin, in dilute unbuffered salt 
solutions, is totally dissociated into molecules of half the normal 
molecular weight when high concentrations of urea or other amides 
are present in the solution. This conclusion depends on meas 
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urements of sedimentation and diffusion constants and partial 
specific volumes; and is supported by theoretical considerations, 
and by the failure of higher concentrations to produce a greater 
apparent effect. The same amide concentrations do not change 
the molecular weight of another protein, pepsin. 

On removal of amides by dialysis, reassociation is observed. 
Part becomes normal protein but part aggregates into still larger 
molecules. A fraction of the total protein, the size of which 
depends on the amide concentration, precipitates irreversibly. 

Although certain derivatives of the half weight molecule are 
no longer stable, spectroscopic tests, and gas capacity and gas 
affinity measurements show that change in molecular weight is 
unaccompanied by any evidence of denaturation. When oxidized 
to methemoglobin, the protein soon changes into an apparent 
parahematin which possesses the anomalous property of being 
transformed back to ordinary reduced hemoglobin on reduction 
with hydrosulfite. The significance of this property for theories 
of the interrelation of various hemoglobin derivatives is discussed. 

Pepsin, like hemoglobin, suffers no changes in specific properties 
on solution-in urea. 

The great effects of amides on protein solubility are manifested 
at much lower concentrations than those at which dissociation 
occurs; they are as great with pepsin, which does not dissociate, 
as With hemoglobin. Neither phenomenon is primarily related to 
the dielectric constants of the media, which are both greater and 
smaller than those of water. A tentative stereo-polarization 
mechanism, based on the specificity of amides in producing these 
effects and on the repeated occurrence of the amide bond in the 
constituent polypeptide chains of proteins, has been proposed. 
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LIVER LIPIDS OF THE LAYING AND NON-LAYING BIRD * 


By F. W. LORENZ, I. L. CHAIKOFF, ano C.. ENTENMAN 
(From the Division of Poultry Husbandry of the College of Agriculture and the 
Division of Physiology of the Medical School, University of 
California, Berkeley) 


(Received for publication, January 24, 1938) 


In a previous report (1) it was shown that in the mature female 
bird actively engaged in egg laying the lipid concentration of the 
blood is enormously increased above that of the immature female. 
Values for total lipids as high as 4000 mg. per cent were found in 
the whole blood of laying birds. Neutral fat (triglycerides) 
showed the most pronounced rise, although significant changes 
occurred also in the phospholipid and free cholesterol levels. 
The rise in the lipid level of the blood is related to ovarian ac- 
tivity, for it first appeared in female birds during puberty and at 
no time occurred in the male bird from early age to maturity. 
The degree of ovarian activity, however, does not determine the 
concentration of lipids in the blood, since in laying birds with in- 
ereased blood lipid levels no correlation was observed between 
duration or intensity of egg production and the raised lipid level. 
In the male and non-laying female substitution of fat for earbo- 
hydrate in the diet was without appreciable ¢ffeet upon all blood 
lipid constituents except cholesterol esters. In the laying bird the 
only significant effect of a change of dietary fat from a low to a 
high level that was observed was a decrease in the variability or 
degree of fluctuation in the blood levels of neutral fat and free 
cholesterol. 

In the present study the lipid changes in the liver of the bird 
have been examined. It is shown that in the actively laying 
fowl lipid changes are not confined to blood alone. An accumula- 
tion of fat also takes place in the hepatic tissue. 


: * Aided by a grant from the Research Board of the University of Cali- 
fornia, and by assistance from the Works Progress Administration. 
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578 Liver Lipids of Birds 


EXPERIMENTAL 


Single comb white Leghorn fowls were used throughout. Their 
care and treatment, as well as the composition of the high and 
low fat diets employed, have been described elsewhere (1). The 
low fat diet contained less than | per cent fat, whereas the high fat 
diet contained approximately 18 per cent fat. In the case of five 
immature birds, a third diet was used; namely, the stock ration 


TABLE I 
Liver Lipids of Male Birds 


The values are expressed as per cent of fresh tissue. 

(Cholesterol Tot: »hos- 
Bird | | Bird | Liver 
No. AS weight weight y 


acids, lipids  acids* 
/ 


Total | Free | Ester 


Low fat diet 


43 {| 71 | 0.91 | 18.5 | 0.40; 0.36 | 0.04 | 3.47 | 2.43 | 1.81 
40 128 | 1.48 | 23.1 | 0.35 | 0.35 | 0.00 | 3.46 | 3.02 | 1.44 
39 | 199 | 1.80 | 27.0 | 0.36 | 0.27 | 0.09 | 5.05 | 1.83 | 3.%6 
98 | 206 | 1.84 | 26.9 | 0.58 | 0.49 | 0.09 | 5.89 | 2.66 | 4.04 
44 | 207 | 2.18 | 29.0 | 0.47 | 0.41 | 0.06 | 3.66 | 2.45 | 1.97 
30 | 207 | 2.66 | 41.9 | 0.42) 0.39 | 0.03 | 3.25 | 2.36 | 1.65 
High fat diet 

87 71 | 0.95 | 20.2 | 0.43 0.35 | 0.08 , 2.47 | 2.43 | 0.78 
70 | 106 | 1.22 | 26.2 | 0.45! 0.38 | 0.07 | 3.09 

84 | 128 | 1.49 | 26.1 | 0.40/| 0.35 | 0.05 | 3.08 | 3.06 | 0.99 
94 | 216 | 2.01 | 24.9 | 0.33 | 0.31 | 0.03 | 2.84 | 2.50 | 1.14 
83 | 207 | 2.26 | 27.7 | 0.33 | 0.32 | 0.01 | 3.63 | 1.80 | 2.42 
go | 207 | 2.33 | 26.0 | 0.50} 0.40 | 0.10 | 3.37 | 2.71 | 1.48 


*Fatty acids other than those in combination with cholesterol and 
phospholipids. 
of the Poultry Division.!. This contained approximately 7 per 
cent fat. 

Determination of Liver Lipids—-Before removal of the liver the 
birds were killed by breaking their necks. The liver was imme- 


1 This diet was prepared as follows: yellow corn, 52.5 per cent; wheat, 
10 per cent; wheat bran, 15 per cent; fish meal, 9.5 per cent; dried milk, 
5 per cent; dehydrated alfalfa, 5 per cent; bone meal, 0.5 per cent; oyster 
shell, 1.5 per cent; salt, 0.5 per cent; sardine oil, 0.5 per cent. 


days A giv. 
} 


Lorenz, Chaikoff, and Entenman 579 


diately cut into small pieces and ground to a fine pulp with a steel 
spatula. A 10 gm. sample was then placed in a tared vessel 
containing 20 ec. of 95 per cent ethyl alcohol. For its lipid deter- 
mination the hepatic tissue was quantitatively transferred to a 
125 ec. Erlenmeyer flask. 30 cc. more of ethyl alcohol were then 
added and the tissue extracted at 55° for 2 hours. The alcohol 
was decanted through a fat-free filter paper into a 200 ec. glass- 


TABLE II 
Liver Lipids of Immature Female Birds 


The values are expressed as per cent of fresh tissue. 


: Cholesterol Total Phos- Residual 
Bird Age wed wat fatty pho- fatty 
| Total | Free | Ester | lipids | acids 
Low fat diet 

days kg gm 

Ol 1 15.2 | 0.45 | 0.39 0.06 4.68 2.40 3.03 
42 | 106 1.08 | 17.7 | 0.45 | 0.43 0.01 3.33 2.45 1.68 
12 | 128 | 1.32 | 21.3 | 0.41 | 0.36 | 0.05 | 3.01 | 2.39 | 1.37 


High fat diet 


6 | 71 | 0.71 | 16.5 | 0.47 0.38 | 0.09 | 3.45 | 2.68 | 1.59 
02 «20.5 | 0.45 0.44 0.01 3.64 3.90 1.02 
410.43 0.36 | 0.07 | 3.49 


bo 
| OO 
ho 
| © 
w 
— 


Stock ration 


7015 | 0.7 16.1 0.38 0.38 0.00 3.42 2.4: 1.60 


3 72 
7010 | 77 | 0.77 | 15.9 | 0.46 | 0.40 | 0.06 | 4.07 | 3.12 | 1.94 
6902 | 77 | 0.73 | 13.7 | 0.39 | 0.37 | 0.03 | 4.00 | 2.86 | 2.06 
6929 | 77 | 0.92 | 18.3 | 0.52| 0.50 | 0.02 | 3.68 | 2.82 | 1.78 
76 2.80 


6985 77 0.87 17.4 0.44 0.36 0.08 


1.83 


stoppered volumetric flask, and the extraction of the residue was 
repeated for 1 hour with 50 ec. of aleohol. The second alcohol 
extract was combined with the first and the tissue residue quan- 
titatively transferred to the filter paper. The residue, after being 
wrapped in its filter paper, was placed in an all-glass Soxhlet 
extractor. In this apparatus the liver residue was subjected to 
continuous extraction with ethyl ether for a period of 12 hours. 
The Soxhlet extractor was constructed so that the distilling flask 
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held a little over 100 ec. of ether, and the extracting chamber 
containing the liver residue was refilled every 3 minutes. The 
ether thus obtained was added to the alcoholic fluid referred to 
above and the contents of the volumetric flask made to volume 
with ether at 20°. The mixture was then filtered and an aliquot 
sample taken for analysis. All solvents employed in this study 


were purified and freshly distilled before use. ‘The lipid content | 


of this extract was determined by microoxidative procedures, 
These have been described elsewhere (2). 


Results 


Liver Lipids of Male Bird—-The concentration of the various | 


lipid constituents in the livers of twelve male birds maintained on 
high and low fat diets is shown in Table I. The level of fat in the 
diet produced no apparent differences in the amounts of phos- 


pholipids or cholesterol! in the livers. The major portion of the — 


cholesterol was present in the free form, the esterified portion | 
constituting between 0 and 20 per cent of the total cholesterol. 


Although the results recorded are not extensive, they never- | 


theless suggest that between 70 and 250 days of life age has no 
influence on the levels of the various lipid constituents in the male 
bird. 


Liver Lipids of Immature Female Birds—These results are re- 
corded in Table II. In eleven birds, which were maintained on | 
three different diets containing different amounts of fat, the values | 
obtained for the various lipid constituents were well within the 


range recorded above for the male bird (Table I). 

Liver Lipids of Mature or Laying Female Bird—The values 
obtained for the various lipid constituents of the laying bird are 
shown in Table III. The effects of high and low fat diets were 
studied.2. Ten birds were maintained on the former, thirteen on 
the latter diet. As in the case of males and immature females, 
the level of fat in the diet failed to influence the cholesterol or 
phospholipid content of the liver. <A difference, however, did 
appear in total fatty acids between the birds fed low and those fed 


2 Analyses of the feces showed that the birds on the high fat diet absorbed | 


more than 90 per cent of the fat ingested. The average bird ingested about 
80 to 90 gm. of the mash per day and this contained about 15 gm. of 
fatty acids. 
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high fat diets. ‘This difference was entirely due to neutral fat. 
The thirteen birds maintained on the low fat diet contained an 
average Of 13.57 + 2.03 per cent of liver fatty acids, while the 
ten birds fed the high fat diet contained an average of 8.29 + 
0.85 per cent fatty acids. Thus a significant difference of 5.08 + 
2.20 per cent fatty acids was observed between the two diets. 

Onset of maturity resulted in a pronounced change in the lipid 
metabolism of the bird’s liver. ‘The most striking change was the 
increase in the level of total fatty acids. Phospholipids and ester 
cholesterol were unaffected. Although a statistically significant 
decrease of 0.050 + 0.016 percent® appeared inthe free cholesterol, 
this small difference is of questionable importance. 


DISCUSSION 


It has already been pointed out that ovarian activity provides a 
stimulus for mobilization of fat in the blood of the domestic fowl 
(1). The present study shows that the liver of this animal also 
responds to egg laying by increasing its lipid content. An in- 
crease in the fat content of the liver of the laying goose has also 
been noted by Flock, Bollman, Hester, and Mann (3). The 
response in lipid activity of the liver of the laying domestic fowl 
observed in the present study is strikingly significant in view of the 
fact that in the zmmature bird the ingestion of a diet containing 
18 per cent fat failed to raise the lipid content of the liver above 
that found in similar animals receiving diets with less than 1 per 
cent fat. Thus, while they readily respond to increased ovarian 
activity even in the presence of a diet with very little fat, the 
livers of immature birds contain 3 to 5 per cent fatty acids irre- 
spective of whether the animal ingests a diet containing 18 per 
cent or less than 1 per cent fat. In the laying bird the mean 
values for total fatty acid content of the liver were more than 
double those found in the non-laying birds.’ The differences were 


+ In several instances, where differences between diet subclasses were 
not significant, the subclasses could be combined in order to increase the 
number of observations and thus the precision of the means. Thus the 
influence of sexual maturity on the cholesterol fractions could be tested 
without regard to diet, and the mean total fatty acid values for the two 
groups of laying birds could be compared separately with one mean fatty 
acid value for all immature females studied. 
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more than 4 times their standard errors and hence highly sig- 
nificant. 

Although both liver and blood respond to laying, the lipid 
changes in these two tissues are not identical. Neutral fat js 
principally affected in both tissues. In the blood significant 
increases also take place in free cholesterol and phospholipids, 
In the liver the neutral fat is likewise increased, but phospholipids 
are not affected. Diet apparently influences the degree of lipid 
infiltration in the liver of the laying bird. Since the lack of ap- 
preciable amounts of fat in the diet of the bird does not prevent 
a lipid infiltration in blood and liver, it would seem that the 
increased amounts of lipids from non-fat precursors can be a 
major metabolic process in the laying bird. 

Relation of Ovarian Activity to Lipid Infiltration in Liver— 
Three measures of ovarian activity were employed: (1) the number 
of actively growing yolks found at autopsy; (2) the number of 
eggs laid during the 7 days preceding removal of the liver; (3) 
rate of production; 7.e., the total number of eggs laid per 100 days 
from the onset of maturity. Pause periods, which were defined 
according to Lerner and Taylor (4) as intervals of 7 or more suc- 
cessive days during which no eggs were laid, were not included in 
the total number of days of the mature period. 

Correlation coefficients were calculated between liver lipid 
levels of laying birds and the three measures just named. The 
amounts of liver cholesterol or phospholipids were probably not 
correlated with any of the measures of ovarian activity studied, 
although isolated statistically significant correlation coefficients 
were obtained. For example, a significant correlation of —0.665 
was found between free cholesterol and the number of yolks found 
in the ovary of the birds fed the low fat diet, but the equivalent 
correlation coefficient for birds fed the high fat diet had the very 
small value of +0.079, and coefficients with the other two meas- 
ures were likewise not significant. For the birds on the high fat 
diet, however, significant positive correlation coefficients were 
obtained between total fatty acids and the number of eggs laid 
during the last 7 days (r = +0.753), and between total fatty 
acids and rate of production (r = +0.643). It is interesting to 
note that, if the rate of production had not been corrected for 
pause periods, the above correlation would have been obliterated, 
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an observation that lends further support to the conclusion of 
Lerner and Taylor (4) that pause and rate are entirely separate 
characters, and that pause periods should be excluded from any 
method of measuring rate of egg production. 

In birds maintained on the low fat diet no significant correlations 
were obtained between fatty acids and any of the three measures 
of ovarian activity, although the trends were in the same direction 
as in the case of the high fat diets. The total variability of fatty 
acids in the low fat diet was greater than in the high fat diets; 
this excess variability apparently masked the correlations. This 
observation may be compared with the results on blood lipids (1), 
where an interaction between dietary fat, ovarian activity, and 
blood fatty acid variability was found. 


SUMMARY 


1. A study was made of the relation of diet, sex, and ovarian 
activity to the liver lipids of the single comb white Leghorn fowl. 

2. The same concentration of liver lipids, namely free and 
esterified cholesterol, phospholipids, and neutral fat (triglycerides), 
was found in the mature and immature male bird and in the 
immature female bird. 

3. The onset of maturity led to a pronounced increase in neutral 
fat in the liver of the female bird. No change was observed in 
the phospholipid or in the cholesterol ester content of the liver. 

4. An increase in the fat content of the diet led to a decrease in 
the neutral fat content of the liver of the bird actively engaged in 
egglaying. The neutral fat content was more variable in the liver 
of the birds fed a low fat diet than in those fed a high fat diet. 

5. The significance of correlation coefficients obtained between 
the various liver lipid constituents and measures of ovarian 
activity is discussed. 
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RADIOACTIVE PHOSPHORUS AS AN INDICATOR OF 
PHOSPHOLIPID METABOLISM * 
Il. THE ROLE OF THE STOMACH, SMALL INTESTINE, AND LARGE 


INTESTINE IN PHOSPHOLIPID METABOLISM IN THE 
PRESENCE AND ABSENCE OF INGESTED FAT 


By B. A. FRIES, 8. RUBEN,T I. PERLMAN, anp I. L. CHAIKOFF 


(From the Division of Physiology of the Medical School and the Department 
of Chemistry, University of California, Berkeley) 


(Received for publication, January 31, 1938) 


It has been shown (1-3) that radioactive phosphorus provides 
a method for directly comparing the phospholipid turnover occur- 
ring in various tissues. In a previous communication from this 
laboratory the content of “labeled phospholipid” in liver, kidney, 
gastrointestinal tract, brain, and the whole animal was shown at 
several intervals after the administration of sodium phosphate that 
had been marked by the inclusion of radioactive phosphorus (3). 
Phospholipid formation was not confined to animals ingesting 
fat; a rapid turnover of this lipid constituent also occurred in all 
tissues examined in rats previously fasted for as long as 40 hours. 
Three tissues, namely the gastrointestinal tract, liver, and kidney, 
were particularly active in phospholipid turnover, and the shapes 
of the curves representing the phospholipid content as a function 
of time were similar for these three organs, showing a maximum 
content between 6 and 12 hours after the ingestion of the labeled 
phosphate. From the curves showing phospholipid content as a 
function of time, it would seem that the tissues of the animal body 
might be divided into two classes: (1) those with a high activity 
per gm. of tissue, and (2) those with a low activity. The curves 
for the former were characterized by a sharp rise and decline, 
while the latter showed a slower rise that continued for many 


* Aided by a grant from Child Neurology Research, Dr. B. Sachs, 
Director. 
t Abraham Rosenberg Fellow in Chemistry. 
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hours after the administration of the labeled phosphorus.  A)- 
though the entire gastrointestinal tract was used in the previous 
investigation, it was recognized that this consists of several parts 
differing structurally as well as functionally. In view of the two 
distinct types of phospholipid activity found, it was deemed worth 
while to examine in detail the rates of phospholipid turnover by 
various parts of the gastrointestinal tract; namely, stomach, 
small intestine, and large intestine. It is shown in this investiga- 
tion that, in the absence as well as in the presence of fat, only one 
part, namely the small intestine, possesses a high phospholipid 
activity, the stomach and large intestine accounting for very 
little of the turnover found in the entire gastrointestinal tract. 
Thus, even in the absence of ingested fat, a sharp difference in 
phospholipid metabolism of the gastrointestinal tract is estab- 
lished for various parts. 


EX PERIMENTAL 


The radioactive phosphorus (P*) used throughout this study 
was prepared by bombardment of phosphorus with deuterons 
accelerated in the cyclotron of Professor E. O. Lawrence. It was 
administered as a solution of pure Na,gHPQ,. 

The lipids were extracted from the tissues and the phospholipids 
precipitated in the manner previously described (3). ‘The mount- 
ing of the precipitated phospholipid has also been noted elsewhere 
(3). Its content of radioactive phosphorus was determined by 
means of a small, thin-walled, aluminum Geiger counter. The 
sensitivity of the counter was checked before and after each 
measurement by means of a standard thorium source (3). 

Fat-Fed Rats—Twenty-two rats that had been fasted for 40 
hours received 1 cc. of olive oil by stomach tube. Phosphorus 
was administered by two paths, subcutaneously and by stomach 
tube. The administration of 2 ec. of Na,gHPO, containing 6 mg. 
of P and 1.01 X 10° radioactive units' was always made within 
a few minutes after the oil. The labeled phospholipid content 
found at various intervals in the stomach, small intestine, and 
large intestine is shown in Figs 1 and 2. Each point on the curve 
represents the average of the results obtained from two rats. 


1] radioactive unit = 2 X 107! curie. 
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While more data are necessary to furnish unique curves, the gen- 
eral trend is nevertheless unmistakable. In the early hours the 
labeled phospholipid content of the small intestine was some- 
what smaller in the animals that received phosphorus subcu- 
taneously than in those that received it by stomach tube. When 
compared in respect to weight of tissue, the labeled phospholipid 
content of the stomach and large bowel is but a small fraction of 
that found in the small intestine. It would seem that the phos- 
pholipid turnover ascribed to the gastrointestinal tract is a func- 


O 
O 10 20 30 
Time, hours 


Fig. 1. Labeled phospholipid content of the small intestine. The ordi- 
nates represent the per cent of administered phosphorus found as phospho- 
lipid per gm. of tissue. O, obtained from rats fed both phosphorus and 
olive oil by stomach tube; @, from rats that received olive oil by stomach 
tube and phosphorus subcutaneously; 9, from rats that received phos- 
phorus subcutaneously. 


tion of the small intestine. So it is interesting to note that the 
shape of the curve obtained for the small intestine resembles those 
noted previously for liver and kidney, tissues very active in phos- 
pholipid formation. The stomach and large intestine showed a 
continued rise within the time limit of the experiment; namely, 30 
hours. A similar rise was previously noted for the carcass (3), a 
term used to include tissues other than liver, kidney, and gastro- 
intestinal tract. 

Endogenous Phospholipid Metabolism in Various Parts of the 
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Gastrointestinal Tract—In view of the fact that the absorption of 
fat takes place in the small intestine, the question arises whether 
the active synthesis of this portion of the tract as compared with 
the rest of the intestine is a result of the fat which was admin- 
istered simultaneously with the radiophosphorus. That this js 
not the case is shown by the following experiment. In several 
experiments groups of ten rats were fasted for 40 hours and then 
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Time, hours 


Fic. 2. Labeled phospholipid content of stomach and large intestine. 
The ordinates represent the per cent of administered phosphorus found as 
phospholipid per gm. of tissue. O, values for stomach of rats that received 
phosphorus subcutaneously; @, for large intestine of rats that received 
phosphorus subcutaneously. Curves similar to the above in shape and in 
order of magnitude were obtained for stomach and small intestine in rats 
fed olive oil along with phosphorus (administered either subcutaneously 
or per os). 


injected subcutaneously with 2 ec. of NazHPO, solution contain 


ing 8 mg. of P and 1.57 X 10° radioactive units. The phospho-— 
lipid formed in various parts of the gastrointestinal tract for one — 
such group is shown in Figs. 1 and 2. The results demonstrate | 


clearly that even in the absence of ingested fat the small intestine 


is still the most active part of the gastrointestinal tract with 
respect. to phospholipid turnover, the amount formed in these | 


circumstances being approximately 30 to 40 per cent of that 
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formed when fat is fed. While the term ‘‘endogenous’”’ is used 
here to describe phospholipid formation when no fat is fed, it 
should be noted that the significance of traces of fat secreted into 
the lumen has not been ruled out. It has been shown that lipids 
are secreted into the small intestine (4) and that the chief source 
of the fat in the thoracic lymph of the fasted animal is the 
bowel (5). 

Effect of Excision of Gastrointestinal Tract upon Formation of 
Phospholipid by Liver—In view of the intimate circulatory con- 
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Fic. 3. Labeled phospholipid content of the liver of rats in which both 
kidneys and entire gastrointestinal tract had been removed. The curve 
represents the labeled phospholipid content per gm. of tissue obtained in 
normal rats fed phosphorus by stomach tube (3); O, obtained from rats 
that received phosphorus subcutaneously after both kidneys and the entire 
gastrointestinal tract had been removed. The points were obtained from 
single animals except the one shown at 6 hours, which represents the average 
of two animals. 


nection between liver and intestine—the venous outflow from the 
latter being received by the liver—it seemed by no means unlikely 
that the rapid turnover occurring in the intestine might have some 
connection with the phospholipid found in the liver. Although it 
has been suspected for some time that the liver is capable of 
synthesizing phospholipid (6), direct evidence in support of this 
claim has thus far been difficult to obtain, since the methods em- 
ployed for following phospholipid formation necessitated the 
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administration of a foreign fatty acid by way of the intestinal | 


tract, a tissue that, as already noted, forms phospholipid rapidly 
even in the absence of fat feeding. The fact that parenterally 
administered phosphorus is so readily incorporated into the 
phospholipid molecule made feasible the study of the formation 
of labeled phospholipid in the liver of animals deprived of both 


kidneys and gastrointestinal tract, two of the three tissues that — 


are very active in the deposition of phospholipid in response to | 


administered phosphorus. 


In a number of rats both kidneys and the entire gastrointestinal | 


tract were excised. Between 2 and 5 hours after the operation 
six such animals received subcutaneously | ce. of a solution con- 


taining 4 mg. of phosphorus in which were present 5.36 XK 10 | 
radioactive units. The livers were removed from 1.5 to 6 hours | 
after the injection of the NasHPO,. The labeled phospholipid | 
formed in the livers of these rats is shown in Fig. 3. The curve - 


shows the phospholipid content of the liver of the intact rat fed 
phosphorus by stomach tube (previously reported (3)), whereas 
the circles represent the values obtained in the present study 
with animals in which the kidneys and gastrointestinal tract were 
excised. While the close correspondence between the circles 
and the curve is probably coincidental, the results suggest that 
the endogenous phospholipid metabolism in the liver is_ not 
markedly influenced by the process occurring simultaneously in 
the small intestine. 


SUMMARY 


1. With radioactive phosphorus as indicator, a comparison was 
made of the phospholipid turnover by various parts of the gastro- 
intestinal tract. 

2. In the absence as well as the presence of ingested fat, the 
major part of the phospholipid turnover by the gastrointestinal 
tract can be ascribed to the small intestine, the stomach and large 
intestine playing but minor roles in this type of metabolism. 

3. The removal of tissues very active in phospholipid turnover, 
namely the gastrointestinal tract and kidneys, does not markedly 
influence the phospholipid turnover by the liver. 


The preparation of the radioactive phosphorus samples used in 
this study was made possible by a grant to Professor Ernest 0. 
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Lawrence and coworkers of the Radiation Laboratory by Mr. 
Max Schott. 
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A STUDY OF THE PERIODIC ACID OXIDATION OF 
STARCHES AND DEXTRINS AS A MEANS OF 
DETERMINING MOLECULAR SIZE* 


By C. G. CALDWELL ann R. M. HIXON 


(From the Plant Chemistry Subsection, Lowa Agricultural Experiment 
Station, Ames) 


(Received for publication, December 27, 1937) 


Jackson and Hudson (1) have shown that corn-starch is oxi- 
dized rapidly with periodic acid, that the reaction is practically 
quantitative, and that the cleavage of the glucose molecules in 
the starch chain is the same as in the simpler glycosidic deriva- 
tives (2-4). The reaction has been under investigation in this 
laboratory as a means of determining the size of the starch mole- 
cule and the nature of the terminal glucose groups. The oxida- 
tions were made on gelatinized starches and on fractionated dex- 
trins, as contrasted to the investigations of Jackson and Hudson 
which were made on raw, granular starch. 

The most generally accepted conception of starch pictures it as 
consisting of a chain of glucopyranose units joined in a-1,4 
linkages (5). This configuration requires two terminal glucose 
umts which differ from the rest in that one would have a free 
aldehyde group and the other an additional free hydroxyl group. 
While there is some question as to the configuration of the term- 
inal units, advantage has been taken of this differentiation for 
determining the chain length of the starch molecule. 

Haworth and his collaborators (6), as well as others (7), have 
determined the proportion of non-reducing end-units in fully 
methylated starch and have concluded that the number of glu- 
cose units in a starch chain is approximately twenty-five to thirty. 
Hess and Neumann (8), working with cellulose, have questioned 


* Journal Paper No. J-513 of the Iowa Agricultural Experiment Station, 
Project 516. Supported in part by a grant from the Corn Industries Re- 
search Foundation. 
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the significance of Haworth’s end-group method, particularly jn 
connection with the pretreatment of the polysaccharide before — 


methylation and with the distillation method of fractionating the 
glucose ethers. 


Farrow and his collaborators (9), working with the opposite — 
end of the molecule, have demonstrated that starch has a slight — 
reducing value. From the ratio of the reducing power of the © 
sample and that of a substance of known chain length, such as | 


maltose, they have arrived at a value of 460 to 1470 glucose units 


for the chain length. The wide discrepancy between the values - 
obtained by the two groups of workers has been explained by — 
assuming that in starch many of the chain molecules are held 
together in parallel by coordinate linkages and thus aldehyde | 


groups which are chemically free may be protected and their 
functioning in the usual manner prevented (10). ‘This is essen- 
tially the hypothesis of aggregation proposed by Haworth and 
his coworkers (11) to account for the disagreement of their value 
for the molecular size of starch with the much higher ones deter- 
mined by the physical methods of Svedberg (12) and of Staud- 
inger (13). Farrow et al. (9), however, discredit the theory of 
aggregation on the basis that in the early stages of starch hydroly- 
sis a slight increase in reducing power gives rise to a large decrease 


in average chain length. Consequently there is a rapid initial — 


diminution in viscosity, a phenomenon which hitherto has been 


attributed to the formation of ‘“‘soluble starch’’ by a process of | 
disaggregation. Furthermore, Farrow et al. have shown that the | 
rate of starch hydrolysis, with one exception, is a linear function | 


of time. 

When the periodic acid oxidation is applied to starch, it 1s ap- 
parent that, while the intermediate glucose units in the chain 
will be oxidized as reported by Jackson and Hudson (1), the 
terminal units will give rise to 3 molecules of formic acid (2, 14) 
and 1 of formaldehyde (14), as shown in the accompanying formu- 
las. It is also apparent that the quantity of formaldehyde formed 
should correlate with the reducing power of the starch or dextrin 
molecule. No attempt was made to measure the formic acid 
produced by the oxidation, since it was difficult to recover and 
there was available no good method for the estimation of the 
small quantities recovered. 


é 
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Oxidation of Theoretical Starch Molecule by Periodic Acid 


CHO 
| 
CHOH CHOH CHOH 
| | 
CHOH CHOH CHOH 
CHOH | 
| | | | 
CH——— CH——— CHOH 
| | | 
CH,OH CH,OH CH,OH 
(HIO,) 
| | | | + 2CHOOH 
CHO CHO | 
| 
CHOOH + CHO | CHO 
O O | OO | 
CHO 
| | | 
CH CH CHO 
+ CH,0 
CH,OH CH,OH 


The oxidized starch obtained by the action of periodic acid was 
very similar to that prepared by Jackson and Hudson, although 
in this case gelatinized starch was used rather than raw, granular 
starch. Derivatives of glyoxal were prepared from the hydrolysis 
products of the oxidized starch, which tended to substantiate the 
conclusion that the rupture of the non-terminal glucose units of 
starch by periodic acid takes place between carbon atoms (2) and 
(3). Conclusive proof for this, however, depends on the identifi- 
cation of d-erythrose as a hydrolysis product of the oxidized 
starch. The d-erythrose has not been found, possibly because of 


i 

ly in 
efore | 
the 
Osite 
light 
h as 
Inits 
ilues | 
by 
held 
ivde 
heir 
Sen- 
and 
alue 
ter- 
ase 
itial 
een 
of 
the 
ion 
ap- 
an 
the 
14) 
nu- 
ied 
rin 
cid 
ind 
he 


598 Periodic Acid Oxidation of Starches 


its instability toward the hydrolyzing agent or because of its | | 
difficulty of isolation in the presence of glyoxal and other degrada. | | 
tion products.' | 


EXPERIMENTAL 


Preparation of Dextrin Samples—The dextrin samples were pre- 
pared from a series of six commercial dextrins. These dextrins | 
were designated by the letters A, B, C, D, E, and F, the order | 
of increasing conversion being from A to F. | 

The dextrins were fractionated according to their solubilities 
in water and alecohol-water mixtures. Since the solubilities of 
the dextrins varied greatly, the number of fractions made was 
not always the same. With Dextrins A and B, only the frae- 
tions soluble and insoluble in cold water were made. Dextrins 
C and D were divided into a cold water-insoluble fraction, one 
insoluble in 52 per cent alcohol, and one soluble in 52 per cent 
alcohol. Dextrins EK and F were separated into portions which 
were cold water-insoluble, insoluble in 52 per cent alcohol, insoluble 
in 75 per cent aleohol, and soluble in 75 per cent alcohol. 
| The fractionations were made according to the following pro- 

: cedure: 60 gm. samples of the dextrin were shaken for 2 hours 
| with 600 ec. of distilled water. The insoluble portions were then 
| filtered off with suction and washed with a very small portion of 
water. The 52 per cent alcohol-insoluble fractions were pre- 
pared by pouring the cold water extracts into a volume of 95 per 
cent aleohol 1.5 times as large. The precipitate formed was | 
separated first by settling and finally by centrifuging when the | 
solid would not separate out completely. The solutions were then ! 
poured into an additional amount of 95 per cent alcohol to make | 
the total volume of alcohol 5 times as large as the volume of the | 
original cold water extract. The precipitates were separated in 
the same manner as was described for the 52 per cent alcohol 


1 Dr. KE. L. Jackson and Dr. Hudson inform us by private communica- 
tion that they have identified glyoxal and d-erythrose, the former as its 
phenylosazone melting at 170-171° and its benzylphenylosazone melting at — 
199-200°, both obtained in yields of 25 to 30 per cent; the erythrose, after — 
oxidation with bromine water, was identified as brucine d-erythronate (yield 
20 to 25 per cent; m.p. 210-211°; [a]> = —22.6° in water) from which d | 
erythronic lactone (m.p. 104-105°; [a]; = —73.3° in water) was prepared. | 
Their publication will appear shortly. 
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TABLE [ 


Relation of Amounts of Oxygen Used to Total Equivalents of Palmitic and 
Phosphoric Acids in Various Starch and Dextrin Samples 


The equivalents of palmitic and phosphoric acids were obtained by 
dividing the percentages of fat and phosphoric acid in the samples by the 
molecular weights of the palmitic and phosphoric acid radicals respectively. 
The theoretical weight of oxygen is 0.0107 gm. 


Equiva- Equiva- 
Sample bee equivalents 
acid acid | of acid uae 
| | gm. 
0.0025* 0.0006TF | 0.0031 0.00642 
_.| 0.0032*  0.0002t | 0.0034 | 0.00583 
Dextrin B, fraction soluble in | | 
0.0001 0.0010§ | 0.0011 0.00778 
Dextrin B, fraction insoluble in | 
0.0025$ 0.0006§ | 0.0031 0.00627 
Dextrin C, fraction insoluble in | | 
0.0027$  0.0006§ | 0.0033 0.00678 


Dextrin C, fraction soluble in | | 
H,0, insoluble in 52% alcohol...| 0.0001$  0.0002§ | 0.0003 0.00736 
Dextrin C, fraction soluble in 52% | | 


0.0001f 0.0010§ | 0.0011 0.00916 
Dextrin E, fraction insoluble in | | 
0.0037t 0.0009§ | 0.0046 0.00675 


Dextrin E, fraction soluble in | 


52% alcohol, insoluble in 75% | 

0.0000t 0.0002 | 0.0002 0.00746 
Dextrin F, fraction insoluble in | 

0 .0075f | 0.0012$ | 0.0087 | 0.00728 


Dextrin F, fraction soluble in 
52% alcohol, insoluble in 75% | | | 


* Calculated from the value of the fat content given by Taylor and 
Nelson (16). | 

t Calculated from the value of the P.O; content given by Sameec and 
Haerdtl (17). 

t Calculated from the value of the fat content determined by the method 
of Taylor and Nelson. 

§ Calculated from the value of the phosphorus content determined by 
the method of Truog and Meyer (18). 
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fractions. The solutions were then evaporated to dryness under | 
reduced pressure, in order to obtain the soluble fractions. The - 
fractions were all dried at about 50° and then used for the anal. - 
yses. Moisture determinations were made on the fractions, so _ 
that all of the results are calculated on the dry basis. The frag. | 
tions precipitated from alcohol usually separated out as heavy 
syrups which, on drying, became white, brittle solids. 
Determination of Periodic Acid Required to Oxidize Starch and 
Dextrin Samples—The periodic acid solutions used were prepared 
by dissolving sodium paraperiodate in 1.5 times the calculated 
quantity of sulfuric acid and were standardized by the method 
of Fleury and Lange (15). Accurate standard solutions could be 
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Fig. 1. Rate of oxidation of the water-insoluble fraction of Dextrin B 


made by merely weighing out the sodium paraperiodate after it 
had once been standardized. The oxidation was carried out 
with corn, rice, wheat, and potato starches as well as with a 
number of the dextrin fractions. 25 cc. portions of the boiled 
starch or dextrin solutions containing 0.1 gm. of material were 
treated with 25 cc. portions of a 0.0636 m solution of periodic 
acid at 25° for definite intervals of time. The periodic acid re- | 
maining at any time was determined by the methods of iodo- | 
metry (15). The amounts of periodic acid used, expressed as — 
equivalent gm. of oxygen, are shown in Table I. The values given 
were determined over a period of 7 hours; during this time the 
consumption of periodic acid increased rapidly and after this 
period it increased very slowly but continuously (Fig. 1). 
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The quantity of oxygen necessary for the oxidation can be cal- 
culated; while the terminal glucose units increase this value, the 
increase is practically negligible for chain lengths of more than ten 
units. Such calculations, however, ignore the presence of phos- 
phoric and fatty acid ester linkages in the starch which might 
mask some of the glycolic groupings and hence block the action of 
the periodic acid. Evidence for this is seen if the sum of the 
equivalents of palmitic and phosphoric acids is compared with 
the equivalents of oxygen used for the several samples (Table I). 
As a rule the insoluble samples which are high in fat and phos- 
phorus require less oxygen than the more soluble ones containing 
smaller amounts of fat and phosphorus. The amounts of oxy- 
gen used by the latter samples were in fair agreement with the 
calculated value. 

Preparation and Properties of Oxidized Starch—1 liter of a 1 per 
cent boiled corn-starch paste was mixed with 100 ec. of a 0.563 
u periodic acid solution and allowed to stand for 2 days at 25°, 
during which time a jelly-like precipitate coagulated in the bot- 
tom of the vessel. After the supernatant cloudy liquid was 
siphoned off, the residue was triturated with distilled water and 
then filtered by suction. This process was repeated three to 
four times to insure removal of the inorganic salts and acids. On 
drying at about 50°, the oxidized starch became a hard, brittle, 
white solid which amounted to 65 per cent of the original starch. 
It was insoluble in cold water but dissolved gradually in boiling 
water with the exception of a slight amount of dark, flaky ma- 
tenal which contained some extractable fat. On evaporation of 
the water solution a colorless, transparent film resulted. <A 0.1 
gm. sample was equivalent to 0.091 gm. of glucose in reducing 
power. It was rapidly resinified by alkalies. On being heated 
with dilute acids, the material swelled and then dissolved slowly, 
producing a solution with a slight yellow color which became 
darker as hydrolysis progressed. 

Identification of the Glyoral—1 gm. of the oxidized starch was 
refluxed for 3 hours with 25 cc. of 0.004 N sulfuric acid. The acid 
was removed with barium carbonate and the filtrate treated with 
4gm. of phenylhydrazine hydrochloride and 6 gm. of sodium ace- 
tate. A voluminous orange-yellow precipitate formed at once. 
The color as well as the solubility in hot benzene of the phenyl- 
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hydrazine precipitate varies with the degree of hydrolysis of the 


oxidized starch which will itself give a light yellow phenylhy. | 


drazine precipitate insoluble in hot benzene. 


The orange-yellow precipitate on treatment with a small vol- | 
ume of alcohol yielded a residue of light yellow color which, on | 
being filtered and twice recrystallized from hot benzene, gave a _ 
precipitate of light yellow, elongated, hexagonal plates, in some | 
cases gathered into spherical clusters, m.p. 172-175°. This prod- | 


uct was found to be glyoxal osazone. 


Analysis— 


CisHigNy. Calculated, N 23.25; found, N 23.00, 23.05 


A second precipitate obtained by using benzylphenylhydrazine 
was fractionated by solution in hot benzene and addition of - 


petroleum ether till the solution became turbid. The fraction 
obtained on cooling was recrystallized in the same way and yielded 
a precipitate of fine white needles, m. p. 195° (19). It was found 
to be glyoxal benzylphenylosazone. 


Analysis— 
CosHopNy. Caleulated, N 14.20; found, N 13.91, 13.97 


Analysis for Formaldehyde—The amounts of formaldehyde pro- 
duced by periodic acid oxidation from a number of the dextrin | 
fractions were measured to ascertain whether there was any. 


agreement between the experimental values and those calculated 
from the average chain lengths determined by Farrow’s 


method (9). 


A 0.2 to 0.8 gm. sample of the dextrin fraction to be oxidized | 


after boiling in 30 ec. of water and cooling was treated with 20 ec. 
of a 0.145 m periodic acid solution. The mixture was allowed to 
stand at 25° for exactly 24 hours. 

The formaldehyde was removed from the reaction mixture by 


steam distillation under diminished pressure as described by | 
Criegee (20). Each distillation was carried out in exactly the 


same manner, with the temperature of the steam generator at 


60—-65°, the temperature of the reaction flask at 35-40°, the re | 


ceiving vessel cooled by ice, and the pressure adjusted at about 
6.5 em. of mercury. Under these conditions, 65 ec. of distillate 
collected in about I hour. <A series of distillations was carried out 
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as described above with 50 ee. portions of a standard formalde- 
hyde solution having the same acidity as the actual samples, and 
it was found that 37.7 per cent of the formaldehyde was carried 
over in 65 ec. of distillate with a variation of about 1 per cent. 


TABLE II 


Correlation of Quantities of Formaldehyde Produced by Periodic Acid 
Oxidation of Various Dextrin Fractions with Chain Lengths As 
Determined by Farrow'’s Copper Reduction Method 


Dextrin sample 
B, fraction insoluble in H.O......, 30.65 
soluble in H,O, insolu- 
ble in 52% alcohol.............. | 55:70 
E, fraction insoluble in H,O...... — 108.90 
soluble in H,0, insolu- 
E, fraction soluble in 52% alcohol, | 
insoluble in 75% aleohol........ | 124.63 
F, fraction insoluble in H,O...... | 150.20 
soluble in 52% aleohol, | 
insoluble in 75% aleohol........ 160.13 


Reducing | 


Calculated | Deter- 
from chain | 
lengths} entally$§ 
134.0 0.53 | 0.47 
57.75 | 1.24 | 1.59 
73.60 | 0.97 | 0.79 
37.80 1.89 1.64 
54.50) 1.31 1.41 
33.00 2.16 2.10 
27.30 | 2.64 2.85 
25.60 | 2.81 2.39 
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Amounts of 
formaldehyde 


per reduced by 1 gm. of starch. 


+t Caleulated from Rey values. 


0.3 gm. sample. 


For modified starches and sugars the unit 
of weight is taken as the weight equivalent to 1 gm. of starch. 
The Rey of maltose is 2055. Hence to 
find the average chain length of the molecules of a sample whose Rey is 100, 
forexample, use the equation 10OX = 2 & 2055. 

t Theoretical amounts calculated from chain lengths on the basis of a 


§ Determined on the basis of a 0.3 gm. sample. 


The formaldehyde in the distillate was estimated by the method 
of Vorlander (21) with dihydrodimethylresorcinol (dimedon). 
The value obtained was divided by 0.377 to correct for the ineffi- 
The results are shown in Table II. 


dency of the distillation. 
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DISCUSSION 

The agreement between the experimentally determined amounts 
of formaldehyde produced by periodic acid oxidation and the 
amounts calculated from the average chain lengths as determined 
by Farrow’s method (Table II) indicates that these two methods 
must be reliable for the determination of the reducing terminal 
glucose units. 

The suitability of these methods for the estimation of the aver- 
age chain length of starch or dextrin molecules depends on the 
assumption that each molecule terminates in a reducing glucose 
residue. The validity of this assumption is strongly upheld by 
the arguments of Farrow as to chain length and is further sup- 
ported by the following considerations. 

The most highly modified form of starch sample oxidized was 
the fraction of Dextrin F, soluble in 52 per cent aleohol and insol- 
uble in 75 per cent alcohol. It has a copper-reducing value (Re,) 
of 160.3, gives a red color with iodine, and on the basis of the 
formaldehyde produced by periodic acid oxidation or on the basis 
of its reducing value has an average chain length of about twenty- 
five glucose units. The properties of this dextrin fraction, 
especially those of solubility and reducing power, make it highly 
improbable that its molecules exist in a state of aggregation. In 
addition it would seem probable, from the fact that in starch 
hydrolysis the reducing power has been shown to be a linear fune- 
tion of time, that each of the molecules of this dextrin terminates 
in a reducing glucose residue with a free unprotected aldehyde 
group. If this is the case, then the value of twenty-five glucose 
units given for the average chain length must be reliable. The 
same argument can be advanced for any one of the dextrin sam- 
ples which were studied and it is seen that the mean chain lengths 
run as high as 134 glucose units, which is several times the value 
of twenty-five obtained by Haworth for starch itself. 

Since the estimation of chain length by Farrow’s method ap- 
pears to be reliable with the dextrin fractions, it seems logical 
to conclude that it is equally reliable with starch, or at least that 
the starch molecule has an average chain length considerably 
greater than that of any of the dextrin fractions studied. This 
would explain why it was impossible by the method used to detect 
any formaldehyde produced from unmodified corn-starch by 


& 


(*. G. Caldwell and R. M. Hixon 605 


periodic acid oxidation. If corn-starch molecules have an aver- 
age chain length of 1150 glucose units as determined by Farrow’s 
method, it would require 6 gm. of starch to produce 1 mg. of 
formaldehyde by periodic acid oxidation. Experiments on such a 
scale would be inexpedient, owing to the difficulty of quantita- 
tively estimating the formaldehyde present in the large volume of 
reaction mixture. 


SUMMARY 


The periodic acid consumed in the oxidation of several starches 
and a series of dextrin fractions was found to vary inversely with 
the total quantity of fat and phosphorus in the samples. The 
rate of oxidation of all the samples was very rapid during the first 
3 hours but became slight by the 7th hour when the amounts of 
oxygen consumed by the samples with low fat and phosphorus 
content approached the theoretical value. 

Derivatives of glyoxal were prepared from the hydrolysis prod- 
ucts of oxidized starch, which indicates that periodic acid cleaves 
the non-terminal glucose units of starch between carbon atoms (2) 
and (3) as pictured by Jackson and Hudson. 

Correlation between the amounts of formaldehyde produced 
by periodic acid oxidation and the reducing values of nine dextrins 
was demonstrated, indicating that the two. measurements are 
reliable for the determination of reducing terminal glucose units. 
The reliability of the two measurements for estimating average 
chain length of dextrins and starches is discussed, with the conclu- 
sion that starches must have average chain lengths considerably 
greater than twenty-five units, as proposed by Haworth. 
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SYNTHESIS OF 5-PHOSPHO-d-ARABINOSE 


By P. A. LEVENE anp CLARENCE C. CHRISTMAN 


(From the Laboratories of The Rockefeller Institute for Medical Research, 
New York) 


(Received for publication, January 24, 1938) 


In the formule below (I to V) are presented the intermediate 
steps involved in the biological oxidation of glucose as postulated 
by Warburg et al.,' Lipmann,? and Dickens.* 

This theory then includes an assumption that 5-phospho-d- 
arabinose undergoes an oxidation analogous to that of 6-phos- 
phoglucose. In order to make it possible to test this assumption 
experimentally 5-phospho-d-arabinose has now been prepared 
synthetically. The intermediate steps in the synthesis of this 
substance are given in the accompanying formule (VI to XIII). 

The substance was isolated in the form of an analytically pure, 
amorphous barium salt which was transformed into a crystalline 
brucine salt. It is hoped that, with larger quantities of brucine 
salt available, the barium salt will be obtained therefrom in 
crystalline form. 


EXPERIMENTAL 


Preparation of Monoacetone d-Arabofuranose--This compound 
was prepared from d-arabinose according to the directions of 
Levene and Compton‘ for the synthesis of monoacetone l-arabo- 
furanose. 

5-Phospho-d-Arabinose—15 ce. of dry pyridine, cooled to just 
above the freezing point, were quickly added to a solution of 
2.5 gm. of phosphorus oxychloride contained in a large test-tube 


‘Warburg, O., Christian, W., and Griese, A., Biochem. Z., 282, 157 
(1935). 

?Lipmann, F., Nature, 138, 588 (1936). 

* Dickens, F., Nature, 188, 1057 (1936). 

‘Levene, P. A., and Compton, J., J. Biol. Chem., 116, 189 (1936). 
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and cooled to —30° to —40°. The solid was dissolved by remoy- | 
ing the tube from the cold mixture and warming with the hand | 
and then recooled to —30° to —40°. ‘To 80 cc. of dry pyridine, | 


Biological Oxidation of Glucose 


H OH H OH 
| 
C— COOH | 
HCOH HCOH HCOH 
HOCH 9 — HOCH HOCH 
HCOH HCOH HCOH 
HCOH 
| | OH | OH 
CH.OH 
( H,—_O—P== ( H, O—P=0 
OH OH 
d-Glucose 6-Phospho-d-glucose 6-Phospho-d-gluconic acid | 
I III 
COOH H OH 
| 
A specific 
dehydrogenase _ Yeast 
coenzyme | carbox- 
| ylase O 
HCOH HCOH 
| 
HCOH HC 
| OH | OH 
| | 
CH,—-O-—P=0O CH,—O—P=0 
OH OH 
6-Phospho keto-d-gluconic acid 5-Phospho-d-arabinos | 


IV V 


4.8 gm. of monoacetone d-arabofuranose were added and this | | 
solution was cooled to —40°. The two solutions were quickly | 
mixed together by pouring the sugar solution into the oxychloride 
solution and then kept in an ice and salt bath for 2 hours. 
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20 ec. of 90 per cent aqueous pyridine were added dropwise to 
this mixture, the temperature being kept below — 20°. Ice and 
water were added and the solution made alkaline with saturated 
barium hydroxide solution. The pyridine was removed by con- 
centrating the solution under diminished pressure with occasional 
addition of water. 

The acetone group was removed by making the solution 0.3 x 
acid with sulfuric acid and then heating at 90° until the free sugar 
content, as determined by the Willstaétter method, became con- 
stant. This required approximately 2 hours. The solution was 
now cooled and the halogen removed by treating with 6 gm. of 
silver carbonate, filtering, and treating with hydrogen sulfide to 
remove the silver ion. 

After removal of the excess hydrogen sulfide by aeration the 
solution was made alkaline to thymolphthalein with saturated 
barium hydroxide. The barium sulfate was separated by cen- 
trifuging, and the solution was concentrated to about 150 ee. 
and filtered. The filtrate was concentrated to 50 ec. and poured 
into 3 volumes of ethyl alcohol. The product was reprecipitated 
three times by dissolving in 50 ec. of water and pouring into 
200 ec. of absolute ethyl alcohol. Yield 3.1 gm. This amorphous 
barium salt could not be induced to crystallize. A sample of 
this substance (when dried at 80° over sulfurie acid) had a com- 
position agreeing with that calculated for the barium salt of a 
pentose monophosphoric acid. 


7.066 mg. substance: 42.710 mg. ammonium phosphomolybdate 


39.220 ‘* 24.910 BaSO, 
C;H,»OsPBa. Calculated. P 8.49, Ba 37.6 


The air-dried material had the following specific rotation. 


—0.99° 100 
1 xX 5.28 


A portion of the erude barium salt was dissolved in water and 
the barium removed quantitatively with sulfurie acid. Brucine 
in methyl aleohol was added to the solution until just alkaline to 
litmus. The solution was concentrated to dryness and_ the 
product crystallized by dissolving in warm absolute methanol 
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and then cooling. The substance was recrystallized three times 
from absolute methanol and this pure material had the following 
specific rotation. 


= 


—2.24° X 100 
— 48.6° (50% aqueous pyridine) 


The substance had a composition agreeing with that calculated 
for the dibrucine salt of a pentose monophosphorie acid. 


12.010 mg. substance: 25.190 mg. ammonium phosphomolybdate 


7.790 


“0.363 ce. Nz (26° at 750 mm.) 


CsiHesOisNsP. Calculated, P 3.04, N 5.5; found, P 3.04, N 5.3 
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